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1. INTRODUCTION 
An i n c r e a s i n g  amount of a t t e n t i o n  h a s  been pa id  t o  t h e  p o l a r  
regions over t he  l a s t  th ree  decades i n  t h e  Course of c l i m a t e - ,  
g e n e r a l  c i r c u l a t i o n - ,  g e o l o g i c a l - ,  geophysical- and b io logica l  
i nves t iga t ions .  These s tudies  document t he  important r o l e  of t h e  
polar  oceans i n  t h e  framework of t h e  global  marine ecosystem, t h e  
general oceanic and atmospheric c i r c u l a t i o n  and the  s t a t e  of t h e  
E a r t h ' s  c l i m a t e .  Previous  work a l s o  ind ica t e s  t h a t  i n  s p i t e  of 
growing understanding of t he  impact of t h e  p o l a r  r eg ions  on t h e  
global  bio- ,  hydro-, cryo- and atmospheres, considerable gaps i n  
our knowledge have s t i l l  t o  be f i l l e d .  
Th i s  c h a l l e n g e  h a s  a t t r a c t e d  numerous s c i e n t i s t s ,  who have  
previously worked i n  other  a reas ,  t o  t h e  f i e l d  of polar  research.  
They may b e n e f i t  i n  p a r t i c u l a r  from t h i s  l i t e r a t u r e  s u r v e y ,  
which concentrates  On s tudies  of oceanic and atmospheric p h y s i c s  
of t h e  Southern  Ocean with spec i a l  emphasis on t h e  Weddell Sea. 
The l a t t e r  region has been chosen a s  t h e  main working a r e a  f o r  
t h e  present  and forthcoming German marine research i n  Antarct ica.  
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F i g u r e  2: Sea  s u r f a c e  components of  t h e  o c e a n  h e a t  b u d g e t  s o u t h  
o f  A u s t r a l i a  (115 -160  O E ) .  The  s t r o n g l y  s h a d e d  a r e a  
r e p r e s e n t s  t h e  pack  i c e  e x t e n t -  
a )  R a d i a t i o n  b a l a n c e  ( p o s i t i v e  f o r  an o c e a n i c  g a i n )  
b )  L a t e n t  h e a t  f l u x  
C )  S e n s i b l e  h e a t  f l u x  ( p o s i t i v e  f o r  f l u x e s  f r o m  t h e  
ocean  t o  t h e  a tmosphe re )  
d )  Ne t  h e a t  g a i n  ( p o s i t i v e )  o f  t h e  o c e a n  ( z i l l m a n n ,  
l 972 Ia  
On a n  a n n u a l  a v e r a g e  t h e  o c e a n  l o o s e s  h e a t  a t  t h e  s e a  s u r f a c e .  
T h i s  l o s s  i n c r e a s e s  w i t h  l a t i t u d e  from 3 ~ m - ~  a t  50's t o  1 8  ~ m - ~  
a t  60 ' s  ( z i l l m a n ,  1 9 7 2 ) .  
The f o l l o w i n q  c o n c l u s i o n s  b a s e d  On measurements  may h a v e  a  r a t h e r  
g e n e r a l  v a l i d i t y  f o r  t h e  i c e  f r e e  w a t e r  b e l t :  
- The o c e a n  i s  g e n e r a l l y  warmed up  b y  a  n e t  downward r a d i a t i o n  
f l u x  n o r t h  of t h e  i c e  e d g e ,  w i t h  t h e  e x c e p t i o n  o f  t h e  a r e a  
s o u t h  o f  50 's  from A p r i l  t o  August ( F i g .  2  a )  
- The s e a  c o n t i n u o u s l y  l o o s e s  h e a t  t h r o u g h  e v a p o r a t i o n  i n  t h e  
e n t i r e  Open w a t e r  a r e a  ( F i g .  2 b )  
- S i m i l a r  e f f e c t s  r e s u l t  f rom t h e  t r a n s f e r  of  s e n s i b l e  h e a t  f r o m  
t h e  w a t e r  t o  t h e  a i r .  O n l y  d u r i n g  t h e  Summer months and f o r  
l a t i t u d e s  h i g h e r  t h a n  5 0 ' s  i s  t h i s  f l u x  d i r e c t e d  o c e a n w a r d s  
( F i g .  2 c )  
- The combina t ion  of  t h e  r a d i a t i v e  and t u r b u l e n t  h e a t  and  w a t e r  
v a p o u r  f l u x e s  a t  t h e  s e a  s u r f a c e  ( F i g , 2 d )  r e s u l t  i n  a  n e t  h e a t  
g a i n  o f  t h e  ocean  from O c t o b e r  t o  F e b r u a r y  and  a  l o s s  d u r i n g  
t h e  r e s t  o f  t h e  y e a r .  
S l i g h t l y  d i f f e r e n t  r e s u l t s  a r e  o b t a i n e d  by  T a y l o r  e t  a l .  ( 1 9 7 8 )  
whof f o r  t h e  l o n g i t u d e s  f r o m  115OE t o  l 4O0E s o u t h  o f  t h e  
A n t a r c t i c  Convergence (AAC) (55 ' -60Â°S)  d e r i v e  an  ocean  h e a t  g a i n  
o f  1 0  ~ m - ~ ~  w h i l s t  t h e i r  c a l c u l a t i o n s  show a  h e a t  l o s s  o f  
1 5  ~ m - ~  n o r t h  o f  t h e  AAC up t o  4 5 ' s .  S i m i l a r  r e s u l t s  w e r e  
o b t a i n e d  f o r  0Â - 10Â°E 
The  i n c l u s i o n  o f  p a c k  i c e  t o  t h e  c a l c u l a t i o n s  l e a d  Gordon and 
Goldberg (1970)  t o  e s t i m a t e  an annual  h e a t  l o s s  f o r  t h e  e n t i r e  
o c e a n  s o u t h  o f  t h e  AAC ( i n c l .  p a c k  i c e  Z o n e )  o f  19  - 25 ~ m - ~ .  
T h i s  v a l u e  h a s  more o r  l e s s  been  con f i rmed  b y  Gordon a n 6  T a y l o r  
(1975 a), who a r r i v e d  a t  20 ~ m - ~ .  
2.2.2 A i r  t e m p e r a t u r e  n e a r  t h e  s e a  s u r f a c e  
The a n n u a l  o s c i l l a t i o n  o f  t h e  a i r  t e m p e r a t u r e  a t  t h e  l o w e r  
b o u n d a r y  o f  t h e  a tmosphere  f o l l o w s  t h e  a n n u a l  c y c l e  of  t h e  s o l a r  
r a d i a t i o n  w i t h  a  t i m e - l a g  o f  0 . 5  t o  1 m o n t h .  The t e m p e r a t u r e  
maximum o c c u r s  i n  ~ e c e m b e r l ~ a n u a r y  a n d  t h e  minimum i n  J u l y .  
F i g u r e  3: M o n t h l y  a v e r a g e d  a i r  t e m p e r a t u r e  ( ' C )  a t  t h e  e a r t h  
s u r f a c e  f o r  J a n u a r y  ( ~ c h w e r d t f e g e r ,  1 9 7 0 ) .  
F i g u r e s  3 and 4  show t h e  monthly ave raged  a i r  t e m p e r a t u r e  a t  t h e  
e a r t h  s u r f a c e  s o u t h  o f  about  45 ' s  f o r  J a n u a r y  and J u l y .  Over t h e  
F i g u r e  4: Mon th ly  a v e r a g e d  a i r  t e m p e r a t u r e  ( ' C )  a t  t h e  e a r t h  
s u r f a c e  f o r  J u l y  ( S c h w e r d t f e g e r ,  1 9 7 0 ) .  
ocean ,  t h e  l owes t  t e m p e r a t u r e s  o c c u r  i n  t h e  s o u t h e r n  W e d d e l l  S e a  
and t h e  s o u t h e r n  Ross Sea .  Due t o  t h e  a s y m e t r y  o f  A n t a r c t i c a  and 
t h e  n o r t h w a r d  d e f l e c t i o n  o f  c o l d  w a t e r  a n d  a i r  m a s s e s  by  t h e  
A n t a r c t i c  P e n i n s u l a ,  p o s i t i v e  t e m p e r a t u r e  d e v i a t i o n s  from t h e  
z o n a l  mean appea r  i n  t h e  P a c i f i c  s e c t o r  and n e g a t i v e  t e m p e r a t u r e  
d e v i a t i o n s  i n  t h e  A t l a n t i c  a n d  I n d i a n  s e c t o r s .  The l a r g e s t  
m e r i d i o n a l  t e m p e r a t u r e  g r a d i e n t s  a r e  s i t u a t e d  i n  Summer t o  t h e  
n o r t h ,  and  i n  w i n t e r  t o  t h e  s o u t h ,  o f  t h e  AAC. S t r e t e n  (1977)  
c o m p a r e s  t h e  s e a s o n a l  t e m p e r a t u r e  f l u c t u a t i o n s  o f  d i s t i n c t  
o c e a n i c  r e g i o n s .  He d i v i d e s  t h e  m e t e o r o l o g i c a l  s t a t i o n s  o f  t h e  
Sou the rn  Ocean ( T a b l e  2 )  i n t o  3  c a t e g o r i e s :  
S t a t i o n  P o s i t i o n  kbbr .  Region 
Campbell I s l a n d  52 .5 ' s  l 6 9 . l 0 E  
Chatham I s l a n d  46 .0 ' s  176.5OE 
Decept ion  I s l a n d  63  .O"S 60 .6OW 
Gough I s l a n d  40.3's 9.g0W 
Gry tv iken  (Sou th  Georg i a )  54 .2 ' s  36.6OW 
Heard I s l a n d  53 .1 ' s  72.5OE 
I l e  Nouve l l e ,  Amsterdam 37 .â‚¬i 77.6OE 
Macquarie  I s l a n d  54 .5 ' s  l59.O0E 
Marion I s l a n d  4 6 . 9 ' s  37.8OE 
Orcadas ( L a u r i e  I s l a n d )  60 .7 ' s  44.7OW 
P o r t  aux F r a n c a i s  (Kergue len )  49 .3 ' s  70.2OE 
S t a t i o n  P o s i t i o n  Abbr. Region  
S igny  I s l a n d s  60.7OS 45.6OW SG 3 
S t a n l e y  ( F a l k l a n d  I s l a n d s )  51.7 's  57.g0W ST 2  
T r i s t a n  Da Cunha 31 .1Â° 12.3OW T 1 
T a b l e  2: M e t e o r o l o g i c a l  s t a t i o n s  o f  t h e  Sou the rn  Ocean ( S t r e t e n ,  
1977 1.  
1. S t a t i o n s  n e a r  t h e  S u b t r o p i c a l  Convergence 
(T 10Â° i n  Summer, T  5OC i n  w i n t e r )  
2 .  S t a t i o n s  between t h e  S u b t r o p i c a l  Convergence and t h e  A n t a r c t i c  
Convergence 
( lOÂ° T  5OC i n  summer, 5OC T  OÂ° i n  w i n t e r )  
3 .  S t a t i o n s  s o u t h  of  t h e  A n t a r c t i c  Convergence 
(T 5'C i n  Summerl T  OÂ° i n  w i n t e r )  
E x c e p t  f o r  s t a t i o n s  i n  t h e  S c o t i a  S e a  ( D ,  SG, 0 ,  G R l  S T )  p e -  
r e n n i a l l y  a v e r a g e d  t e m p e r a t u r e s  a r e  h i g h e r  i n  autumn t h a n  i n  
s p r i n g  ( F i g .  5 ) .  The anomaly i n  t h e  S c o t i a  Sea  r e g i o n  i s  produced  
F i g u r e  5: a )  S e a s o n a l l y  a v e r a g e d  s u r f a c e  t e m p e r a t u r e s  a t  meteoro-  
l o g i c a l  s t a t i o n s  o f  3  d i f f e r e n t  r e g i o n s  i n  t h e  Sou the rn  
ocean .  
b) MonYnly ave raged  t e m p e r a t u r e s  o f  New Amsterdam ( N A ) ,  
Macquarie  ( M C )  and S i g n y  ( s G ) .  The heavy l i n e s  i n d i c a t e  
t h e  r e c o r d  a v e r a g e s  ( t h e  numbers i n  b r a c k e t s  d e n o t e  t h e  
r e c o r d  l e n g t h s  i n  y e a r s ) .  The h a t c h e d  a r e a  c o m p r i s e s  
t h e  r a n g e  o f  t h e  m o n t h l y  ave raged  t e m p e r a t u r e s  ( S t r e -  
t e n ,  1 9 7 7 ) .  
by the northward transport of cold water masses and newly formed 
sea ice in the Weddell Gyre. Temperatures at stations of the 
third group exhibit the largest annual oscillations and the 
largest interannual fluctuations due to the annual and inter- 
annual variations of the pack ice extent. Due to regular ice 
growth, temperatures at stations in the eastern hemisphere show 
less variability (Stretenl 1977). 
2.2.3 Antarctic pressure trough 
The stationary high pressure area over the Antarctic Plateau with 
its centre at about 83's 90Â° is surrounded by a circumpolar 
low pressure belt between 60's and 73's (Antarctic trough) with 
local pressure minima at 20'-30Â°E 90Â°-1100E 130'-150Â°W 
Figure 6: Monthly averaged pressure (hpa) at the sea surface for 
January (~chwerdtfeger~ 1970). 
80'-90Â° and 30'- 50Â° (Fig. 6: Streten, 1980). Using 3 day 
averaged pressure values, the circumpolar pressure field reveals 
a strong temporal variability with 2 - 4 low pressure centres 
(cavalieri and Parkinsonl 1981). An investigation by Streten 
(1980) shows a more frequent occurrence of cyclones for the 
Weddell Sea than for the Bellingshausen Sea. The Antarctic trough 
is formed by cyclones, which are generated predominantly at the 
atmospheric polar front and travel southeastwards to the Antarc- 
tic coast. However, less than 10 % 05 these cyclones Cross the 
coastline of Antarctica (Taljaard, 1972). 
The minimum pressure axis of the Antarctic trough oscillates 
meridionally with a half year period around an annually and 
zonally averaged position of 65.9's. The amplitude of this 
variation amounts to 2.5 degrees of latitude. The southernmost 
position is reached mid-March and mid-October when the pack ice 
extent is respectively at a minimum and a maximum. The northern- 
most position appears late in June and late in December. At this 
time there is maximum pressure at the axis, whereas lowest 
pressures occur when the axis is nearest to the Antarctic coast. 
The perennial zonally averaged pressure amounts to 984 hPa at the 
sea surface   an Loon, 1972 b). 
Due to the asymmetry of the Antarctic continent with respect to 
the South Pole, the most northerly axis of the Antarctic trough 
is situated (60' -63's) at 90'- 30Â° (southwest of Australia), 
and the southernmost axis (70'-73's) at 110Â°-160Â (central South 
pacific) . The seasonal meridional oscillations of the axis are 
largest in the eastern Weddell and ROSS Seas (Streten, 1980). 
2.2.4 West and east wind zones 
The circumpolar west wind Zone extends between the subtropical 
high pressure belt and the Antarctic trough (about 30's-65OS) 
with a maximum annually and zonally averaged zonal geostrophic 
velocity at the sea surface of l0ms-1 at 51's. The meridional 
distribution for January and July are presented in Fiq. 7. 
Computations of the corresponding wind stress maximum amount to 
0.145 - 0.185 ~ m - ~  (Eyre, 1972; Hellerman, 1967). 
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Figure 7: Meridional distributions of the zonally averaged zonal 
geostrophic wind velocity component at the sea surface 
and profiles along 75OE and 150Â° (Van Loon, 1972 d). 
S i m i l a r  t o  t h e  p r e s s u r e  v a r i a t i o n s  of t h e  A n t a r c t i c  t r o u g h ,  t h e  
g e o s t r o p h i c  w e s t  w i n d  e x h i b i t s  a  h a l f  y e a r  o s c i l l a t i o n  wi th  a  
maximum ampl i tude  between 60 ' s  and 65 ' s  ( F i g .  8 ) .  The s t r o n g e s t  
q e o s t r o p h i c  w e s t  winds  appea r  i n  ~ e b r u a r y l ~ a r c h  and  ~ e p t e m b e r l ~ c -  
t o b e r .  
F i g u r e  8 :  Annua l  v a r i a t i o n  o f  t h e  m o n t h l y  a n d  z o n a l l y  averaged  
z o n a l  g e o s t r o p h i c  wind  v e l o c i t y  component  a t  t h e  s e a  
s u r f a c e  ( S c h w e r d t f e g e r ,  1 9 7 0 ) .  
On an  annua l  a v e r a g e  t h e  maximum g e o s t r o p h i c  wes t  wind v e l o c i t i e s  
o c c u r  o v e r  t h e  S o u t h  A t l a n t i c  a n d  S o u t h  I n d i a n  Ocean  (55'W 
-115OE) between 47 ' s  and 50Â°S and o v e r  t h e  South  P a c i f i c  ( 1 6 0 Â °  
-90Â°W b e t w e e n  55 ' s  and 59 's  ( a f t e r  T a y l o r  e t  a l . ,  1 9 7 8 ) .  During 
t h e  whole y e a r  t h e  I n d i a n  s e c t o r  shows t h e  s t r o n g e s t  g e o s t r o p h i c  
West  wind  a n d  t h e  P a c i f i c  s e c t o r  t h e  weakes t  one .  O c c a s i o n a l l y ,  
b e s i d e s  t h e  maximum a t  76Â°-1000 and t h e  minimum a t  128'-175'W a  
s econda ry  maximum a p p e a r s  a t  80'-90Â° and a  s e c o n d a r y  minimum a t  
50' - 60Â° ( ~ i g .  9 ) .  A d e t a i l e d  g e o q r a p h i c  d i s t r i b u t i o n  o f  t h e  
g e o s t r o p h i c  wind f i e l d  o v e r  t h e  Sou the rn  Ocean i s  g i v e n  i n  Jenne 
e t  a l .  ( 1 9 7 1 ) .  S e a s o n a l  f l u c t u a t i o n s  of t h e  maximum g e o s t r o p h i c  
West wind ove r  t h e  Sou th  I n d i a n  Ocean a r e  o n l y  s m a l l .  The l a r g e s t  
s e a s o n a l  f l u c t u a t i o n s  o c c u r  s o u t h  o f  A u s t r a l i a  a n d  New Z e a l a n d  
( S t r e t e n ,  1 9 8 0 ) .  
A c o m p a r i s o n  o f  t h e  c i r c u m p o l a r  p r e s s u r e  f i e l d  a n d  t h e  z o n a l  
a v e r a g e  p o s i t i o n  o f  t h e  pack i c e  edge by S t r e t e n  and P i k e  ( 1 9 8 0 )  
r e v e a l s  t h e  f o l l o w i n g  c o r r e l a t i o n s  of  t h e  a t m o s p h e r i c  c i r c u l a t i o n  
and t h e  pack i c e  e x t e n t :  a )  t h e  w e a k e s t  w e s t  w i n d  a p p e a r s  when 
t h e  i c e  edge i s  s i t u a t e d  between 62 's  and 65 's :  b) t h e r e  i s  a  
F i g u r e  9: Zonal d i s t r i b u t i o n  of  t h e  m e r i d i o n a l  p r e s s u r e  d i f f e r -  
e n c e  a t  t h e  s e a  s u r f a c e  ~ p = p ( 4 0 O S )  -p (60Â°S  f o r  summer 
a ) ,  autumn b), w i n t e r  C )  and s p r i n g  d ) .  The numbers a t  
t h e  c u r v e s  d e n o t e  t h e  z o n a l  a v e r a q e s  ( S t r e t e n ,  1 9 8 0 ) .  
l i n e a r  d e p e n d e n c e  and  p o s i t i v e  c o r r e l a t i o n  b e t w e e n  West  wind  
s t r e n g t h  a n d  i c e  e x t e n t ,  when t h e  i c e  edge i s  s i t u a t e d  between 
61 ' s  and 62 's  (no r the rnmos t  r a n q e  of  t h e  i c e  e x t e n t ) ;  C )  s o u t h  o f  
65OS t h e  r e t r e a t  o f  t h e  pack i c e  Cover is  accompanied by i n c r e a s -  
i n g  West wind;  d )  t h e  v a r i a b i l i t y  o f  t h e  w e s t  wind  g r o w s  w i t h  
i n c r e a s i n q  i c e  e x t e n t ,  a s  w e l l  a s  w i t h  t h e  v a r i a b i l i t y  o f  t h e  i c e  
e x t e n t  . 
The m e r i d i o n a l  component  of  t h e  g e o s t r o p h i c  wind i s  weak i n  t h e  
wes t  wind zone .  Along 5 0 ' s  it i s  d i r e c t e d  s o u t h w a r d s  s o u t h  o f  
A f r i c a ,  A u s t r a l i a ,  wes t  o f  Sou th  America and nor thwards  o v e r  t h e  
c e n t r a l  o c e a n s .  G e n e r a l l y ,  t h e  m o n t h l y  a v e r a g e d  s p e e d  i s  l e s s  
t h a n  2 m s 1  s o u t h  of  A u s t r a l i a  o n l y  w h i l s t  a t  t h e  wes t  c o a s t  of  
Sou th  America it exceeds  3 m s - I  (Van Loon, 1972 d ) .  A t  t h e  Drake 
P a s s a g e  t h e  m e r i d i o n a l  componen t  i s  d i r e c t e d  s o u t h w a r d s  and  
amounts t o  abou t  one f o u r t h  o f  t h e  z o n a l  component ( F i g .  1 0 ) .  
F i g u r e  10:  Annual v a r i a t i o n  o f  t h e  g e o s t r o p h i c  wind  a t  t h e  s e a  
s u r f a c e  i n  t h e  a r e a  56'-60's 66'-80Â°W 
a )  w e s t - e a s t  component 
b )  s o u t h - n o r t h  component (Bake r ,  1 9 7 9 ) .  
The t r a n s i t i o n  b e t w e e n  t h e  w e s t  and  e a s t  wind  z o n e s  o c c u r s  i n  
summer a n d  w i n t e r  a t  60'-65OS, and  i n  s p r i n g  and  au tumn a t  
65'-70's (Schwerd t f eqe r ,  1970)  . '  South  o f  it t h e  maximum z o n a l l y  
a v e r a g e d  z o n a l  g e o s t r o h p i c  component of  t h e  e a s t  wind amounts t o  
abou t  h a l f  o f  t h a t  of  t h e  West wind ( F i g .  8 ) .  The c o r r e s p o n d i n g  
w i n d  S t r e s s  i s  g i v e n  by - 0 .10  ( E y r e ,  1 9 7 2 ) .  The e a s t  wind 
z o n e  i s  i n f l u e n c e d  by  k a t a b a t i c  w i n d s  w h i c h  d e s c e n d  f r o m  t h e  
A n t a r c t i c  P l a t e a u  t o  t h e  c o a s t  and a r e  d e f l e c t e d  t o  t h e  West by 
t h e  C o r i o l i s  f o r c e .  
2 . 2 . 5  P r e c i p i t a t i o n  
A l a r g e  amount  o f  p r e c i p i t a t i o n  f a l l s  a s  Snow on an i c e  covered  
ocean  s o  t h a t  f r e s h  w a t e r  i n p u t  d o e s  n o t  t a k e  p l a c e  b e f o r e  t h e  
s e a  i c e  m e l t s .  A d d i t i o n a l l y ,  t h e r e  i s  a n  i n d e f i n i t e  q u a n t i t y  of  
Snow, t r a n s p o r t e d  by s o u t h e r n  winds from t h e  A n t a r c t i c  c o n t i n e n t  
i n t o  t h e  s e a .  The  a n n u a l  a v e r a g e d  p r e c i p i t a t i o n  d e c r e a s e s  from 
t h e  S u b t r o p i c a l  C o n v e r q e n c e  s o u t h w a r d s :  1 5 0 0  - 2000 mmal  a t  
40Â°S  500 - 1000 mma-I a t  55O-65OSt 200 - 500 mma-1 a t  65'-70Â°S 
C 200 mma-I a t  70'-90's ( T c h e r n i a ,  1 9 8 0 ) .  
A t  t h e  S u b t r o p i c a l  C o n v e r g e n c e  and  s o u t h  o f  t h e  A n t a r c t i c  
C o n v e r g e n c e  t h e  l a r g e s t  amount o f  p r e c i p i t a t i o n  f a l l s  i n  autumn 
and w i n t e r ,  w h i l s t  between bo th  convergences  it i s  d u r i n g  s p r i n g  
a n d  summer.  I n  t h e  l a t t e r  r e g i o n  t h e  s e a s o n a l  v a r i a t i o n s  a r e  
s m a l l e r  ( S t r e t e n ,  1 9 7 7 ) .  
2.3 Ice d i s t r i b u t i o n  
2.3.1 Sea i c e  
S i n c e  t h e  r o u t i n e  u s e  o f  s a t e l l i t e s ,  t h e  t e m p o r a l  and s p a t i a l  
v a r i a t i o n s  o f  t h e  A n t a r c t i c  pack i c e  h a v e  been  i n v e s t i g a t e d  more 
s y s t e m a t i c a l l y .  I n  c o n t r a s t  t o  t h e  A r c t i c ,  t h e  A n t a r c t i c  pack i c e  
e x t e n d s  e q u a t o r w a r d s  w i t h o u t  b e i n g  l i m i t a t e d  by c o n t i n e n t s .  
S e a s o n a l  v a r i a t i o n s  a r e  t h e r e f o r e  l a r g e  f o r  t h e  l a t t e r .  The  
A n t a r c t i c  s e a  i c e  r e a c h e s  i t s  maximum e x t e n t  o f  16.9-20.5 m i l l i o n  
km2 ( r a n g e  o f  t h e  maximum e x t e n t  from 1973 t o  1982;  Ropelewski ,  
1983)  i n  ~ u g u s t / ~ e p t e m b e r  a n d  i t s  minimum e x t e n t  o f  2 . 7  t o  5 . 6  
m i l l i o n  km2 i n  ~ a n u a r y / F e b r u a r y .  Fo r  compar ison ,  t h e  i c e  o f  t h e  
A n t a r c t i c  c o n t i n e n t  Covers an a r e a  o f  1 4 . 1  m i l l i o n  km2. The r a t i o  
o f  maximum t o  minimum t o t a l  s e a  i c e  e x t e n t  i s  l a r g e s t  i n  t h e  
s e c t o r  b e t w e e n  10Â° and  70Â° ( ~ o u t h e a s t  A t l a n t i c  and Southwest  
I n d i a n  Ocean ) ,  where t h e  i c e  edge r e t r e a t s  t o  t h e  A n t a r c t i c  c o a s t  
i n  summer (Ropelewski ,  1 9 8 3 ) .  Only a s m a l l  p a r t  o f  t h e  s e a  ice i s  
p e r e n n i a l  i c e .  T h i s  i s  p redominan t ly  found i n  t h e  w e s t e r n  Weddell 
S e a l  t h e  e a s t e r n  R O S S  S e a ,  t h e  c e n t r a l  Amundsen Sea l  and a t  t h e  
c o a s t  of  O a t e s  Land ( F i g .  11). 
F i g u r e  11: Sea  i c e  e x t e n t  1971-1976 (Ack ley ,  1981 a ) .  
The growth of s e a  i c e  t a k e s  a b o u t  7  m o n t h s ,  somewhat more  t h a n  
i t s  r e t r e a t  ( F i g .  1 2 ) .  The  mean g r o w t h  r a t e  be tween  March and 
2 5 ,  1 
MONTH 
F i g u r e  12:  Annual v a r i a t i o n  o f  t h e  A n t a r c t i c  s e a  i c e  c o v e r  f o r  
t h e  a r e a  w i t h  an i c e  c o n c e n t r a t i o n  > 1 5 % ,  r e s p .  > 85% 
(Zwal ly  e t  a l . ,  1979) .  
A u g u s t  amoun t s  t o  a b o u t  3  1 0 6  km2 per month ( a f t e r  A c k l e y  , 
1 9 8 1 a )  w i t h  a  maximum o f  3 . 4 - 1 0 6  km p e r  month i n  May and J u n e  
(Ropelewski ,  1 9 8 3 ) .  From August t o  t h e  end of  Oc tobe r  t h e r e  a r e  
o n l y  s m a l l  changes  i n  t h e  s e a  i c e  e x t e n t .  The main r e t r e a t  o f  t h e  
s e a  i c e  c o v e r  l a s t s  from November t h rough  J a n u a r y  w i t h  a  maximum 
r a t e  o f  6 . 4  106 km2 i n  December (Ropelewski ,  1 9 8 3 ) .  The annua l  
c y c l e  of t h e  s e a  i c e  e x t e n t  f o l l o w s  t h e  c y c l e  of  t h e  a i r  t e m p e r -  
a t u r e  a t  t h e  sea s u r f a c e  w i t h  a t i m e  l a g  o f  1 . 5  - 3  months. 
On a  p e r e n n i a l  and zona l  a v e r a g e  t h e  pack i c e  edge i s  s i t u a t e d  a t  
64OS. I t  r e a c h e s  t h e  m o n t h l y  a v e r a g e d  no r the rnmos t  p o s i t i o n  o f  
6 0 . g 0 S  i n  ~ e p t e m b e r / ~ c t o b e r ,  t h e  c o r r e s p o n d i n g  s o u t h e r n m o s t  
p o s i t i o n  o f  68 .3 ' s  i n  March ( S t r e t e n  and P i k e ,  1 9 8 0 ) .  
Fiqure 13:  Monthly averaged pos i t ion  of t h e  pack i c e  edqe around 
A n t a r c t i c a  (ha t ched  a r e a )  from observa t ions  between 
Dec. 1972 t o  Nov. 1977. Numbers a t  t h e  curves  denote  
t h e  zonal averaqes (S t r e t en  and Pike,  1980) .  
The z o n a l  v a r i a t i o n  o f  t h e  p a c k  i c e  e d q e  r e f l e c t s  t h e  c o a s t a l  
c o n f i g u r a t i o n  of  t h e  A n t a r c t i c  c o n t i n e n t  and is  c l o s e l y  a s s o c i a -  
t e d  w i t h  l o c a l  a tmosphe r i c  and  o c e a n i c  c i r c u l a t i o n s  ( F i g .  1 3  ) . 
Due t o  t h e  p o l a r  w ind  S y s t e m ,  w h i c h  p r o d u c e s  t h e  A n t a r c t i c  
Diverqence ,  i c e  a l s o  forms i n  t h e  i n t e r i o r  o f  t h e  p a c k  i c e  Zone 
a n d  i s  a d v e c t e d  n o r t h w a r d s  i n t o  warmer  w a t e r s  w h e r e  i t  m e l t s  
(Gordon and T a y l o r ,  1975 b ) .  I n  Summer t h e  e x t e n t  o f  t h e  pack i c e  
Zone p a r t i a l l y  c o m p e n s a t e s  f o r  t h e  asymmetry  o f  t h e  A n t a r c t i c  
c o n t i n e n t  w i t h  r e s p e c t  t o  t h e  S o u t h  P o l e  ( R a y n e r  a n d  H o w a r t h ,  
1 9 7 9 ) .  The  W e d d e l l  a n d  ROSS S e a s  e x h i b i t  t h e  l a r g e s t  s e a s o n a l  
v a r i a t i o n s .  G e n e r a l l y ,  t h e  annua l  v a r i a t i o n  i s  l a r g e r  i n  r e g i o n s  
where t h e  pack i c e  t r a n s p o r t  i s  i n t e n s e .  
The no r the rnmos t  e x t e n t  of  pack i c e  (56O-57"S) o c c u r s  n o r t h e a s t  
o f  t h e  W e d d e l l  S e a  a t  30Â° - 20Â°  i n  ~ e p t e m b e r / O c t o b e r .  The  
r a t h e r  h i g h  l a t i t u d e  i c e  edge a t  t h e  Same t i m e  i n  t h e  B e l l i n g s -  
h a u s e n  S e a  d o c u m e n t s  t h e  s t r o n g  i n f l u e n c e  o f  t h e  A n t a r c t i c  
P e n i n s u l a  On t h e  o c e a n i c  and  a t m o s p h e r i c  c i r c u l a t i o n s  o f  t h e  
Weddell Sea  r e g i o n .  
The s o u t h e r n m o s t  p a c k  i c e  e d q e  p o s i t i o n  o f  76"s  a p p e a r s  i n  t h e  
w e s t e r n  ROSS Sea i n  Feb rua ry .  I n  t h e  Same way a s  i n  t h e  w e s t e r n  
W e d d e l l  S e a ,  s o u t h e r n  winds  c a u s e  an  i n t e n s e  nor thward  s e a  i c e  
t r a n s p o r t  i n  t h e  w e s t e r n  ROSS S e a .  I n  c o n t r a s t  t o  t h e  W e d d e l l  
S e a ,  t h e  w e s t e r n  c o n t i n e n t a l  b o u n d a r y  o f  t h e  ROSS Sea  d o e s  n o t  
ex t end  i n t o  t h e  wes t  wind Zone, s o  t h e  nor thward  t r a n s p o r t e d  pack 
i c e  a c c u m u l a t e s  n o r t h  o f  G a t e s  L a n d .  The h e a t  t r a n s p o r t  o f  t h e  
A n t a r c t i c  Ci rcumpolar  Cur ren t ,wh ich  i s  d e f l e c t e d  s o u t h w a r d s  b y  
t h e  M a c q u a r i e  Ridge,  hampers t h e  no r thward  a d v e c t i o n  of  t h e  pack 
i c e  (Ack ley ,  1981 a ) .  For  s e v e r a l  y e a r s  t h e  a n n u a l  v a r i a t i o n  o f  
t h e  p a c k  i c e  e x t e n t  i n  t h e  ROSS S e a  shows a  p r i m a r y  maximum i n  
J u l y  and a  s econda ry  maximum i n  O c t o b e r .  T h i s  i s  a l s o  t r u e  f o r  
some o t h e r  r e g i o n s  o f  t h e  pack i c e  b e l t .  P o s s i b l y  t h e  secondary  
maximum i s  due t o  a  break-up  o f  t h e  i c e  c o v e r  a n d  a  s u b s e q u e n t  
n o r t h w a r d  t r a n s p o r t  o f  p a c k  i c e  i n  l a t e  w i n t e r  ( R o p e l e w s k i ,  
1 9 8 3 ) .  
The s m a l l e s t  s e a s o n a l  v a r i a t i o n s  o f  t h e  A n t a r c t i c  pack i c e  e x t e n t  
t a k e  p l a c e  a t  80'-15O0E and i n  t h e  B e l l i n q s h a u s e n  und Amundsen 
S e a s ,  where t h e  pack i c e  a d v e c t i o n  i s  weak. 
From 1973 t o  1983 v a r i a t i o n s  f r o m  y e a r  t o  y e a r  o f  t h e  maximum 
and  minimum A n t a r c t i c  s e a  i c e  c o v e r  r a n q e  b e t w e e n  0 .3  and 1 . 9  
m i l l i o n  km2 ( R o p e l e w s k i ,  1 9 8 3 ) .  On a  rnonthly and z o n a l  ave raqe  
t h e  l a r g e s t  i n t e r a n n u a l  v a r i a t i o n  a p p e a r s  i n  J a n u a r y ,  t h e  
s m a l l e s t  i n  A p r i l .  Maximum i n t e r a n n u a l  v a r i a t i o n s  a r e  found i n  
t h e  Weddell  and ROSS Seas  ( S t r e t e n  a n d  P i k e ,  1 9 8 0  ) . The z o n a l  
d i s t r i b u t i o n  o f  t h e  r a n g e  o f  t h e  pack  i c e  edge p o s i t i o n  between 
December 1973 and November 1977 i s  p r e s e n t e d  i n  F i g .  1 4 .  P r i m a r y  
maxima o c c u r  i n  t h e  r e g i o n  o f  t h e  c e n t r a l  Weddell Sea  and t h e  
w e s t e r n  a n d  e a s t e r n  ROSS S e a ;  s e c o n d a r y  maxima o c c u r  i n  t h e  
r e q i o n  o f  P rydz  Bay and t h e  w e s t e r n  B e l l i n g s h a u s e n  Sea .  The e a s t  
A n t a r c t i c  s e a  i c e  a t  90'-150Â° shows t h e  s m a l l e s t  f l u c t u a t i o n s .  
Fiqure 14: Zonal d i s t r i b u t i o n  of t he  ranqe of t h e  pack i c e  edge 
p o s i t i o n  ( R f ;  ) Qetween Dec. 1973 and Nov. 1977 
(S t r e t en  and Pike, 1980).  
On the  averaqe Antarc t ic  sea i c e  i s  more s a l i n e  than i t s  Arc t ic  
counter p a r t .  Th i s  may be due t o  f a s t e r  qrowth r a t e s  and t h e  
g e n e r a t i o n  mechanism l ead inq  t o  l a r g e  amounts of f r a z i l  i c e  i n  
t h e  south (Gow e t  a l . ,  1982).  
I c e  c o n c e n t r a t i o n  i n  t h e  Southern Ocean i s  on t h e  averaqe lower 
than  i n  t h e  A r c t i c  s i n c e  no compression t a k e s  p l a c e  due t o  
cont inenta l  boundaries.  A rapid decay of An ta rc t i c  sea i c e  s t a r t s  
i n  reqions with hiqh i c e  c o n c e n t r a t i o n s  ( >  8 5 % )  i n  mid-October 
and i n  r eg ions  with low i c e  concentrations ( >  15%)  a t  t he  end of 
November (F ig .  1 2 ) .  This phase s h i f t  of 1 t o  1 .5  months i s  caused 
by t h e  fo rma t ion  and t h e  exis tence of polynyas and leads due t o  
t he  divergent wind f i e l d  i n  areas  with an i c e  c o n c e n t r a t i o n > 8 5 %  
G o r d o n ,  1 9 8 1 ) .  Deep ocean convec t ion ,  which t r a n s p o r t s  deep 
water  h e a t  t o  t h e  s u r f a c e  water  and h i g h  a b s o r p t i o n  of s o l a r  
r a d i a t i o n  by t h e  ocean i n  t h e  ice- f ree  a reas  lead t o  melting of 
t he  surroundinq pack i c e .  Whereas i n  a r e a s  w i th  an i c e  concen- 
t r a t i o n  > 15% a t  mid-October t h e  atmosphere-to-ocean hea t  f lux  
serves mainly t o  increase  the  i c e  temperature.  
Near t h e  A n t a r c t i c  c o a s t  t h e r e  a r e  s e v e r a l  semi-permanent 
polynyas which a r e  caused by k a t a b a t i c  winds which push t h e  
newly formed sea i c e  of f  t h e  coas t .  Consequently a  l a rge  sea i c e  
p roduc t ion  t a k e s  p l a c e  w i t h i n  t h e s e  r e g i o n s  caused through 
coo l ing  of t h e  s u r f a c e  wa te r  by co ld  cont inenta l  a i r  (Ledenev, 
1964).  Other coas t a l  oceanic  and/or  a tmospher ic  p r o c e s s e s  a l s o  
o c c a s i o n a l l y  g e n e r a t e  polynyas i n  a r e a s  w i t h  low i c e  concen- 
t r a t i o n  (F ig .  1 5 ) .  
Figure 15: Locations of f requent ly appearing polynyas ( s l a n t i n g  
h a t c h e d )  and i c e  s h e l v e s  ( c ros s  ha tched) .  The obser- 
v a t i o n s  r e f e r  t o  s a t e l l i t e  images, r ece ived  i n  t h e  
Summer months (October t o  March) between Dec. 1968 and 
Dec. 1970 (S t r e t en ,  1973).  
The meridional extent  and the  concentrat ion of t h e  Antarct ic  sea 
i c e  r e s u l t  from t h e  dynamic and therrnodynamic ba l ances  of t h e  
ocean-atmosphere system. For September 1974 Parkinson and 
Caval ier i  (1982) d e t e c t  a  lower i c e  c o n c e n t r a t i o n  around Ant- 
a r c t i c a  i n  comparison wi th  September 1973 and 1975. This  i s  
cor re la ted  wi th  an i n t e n s i f i e d  v a r i a b i l i t y  of t h e  c i rcumpolar  
p r e s s u r e  f i e l d  a t  t h e  s e a  s u r f a c e .  I n  spr ing  1973, a  premature 
r e t r e a t  of t h e  pack i c e  edge i n  t h e  Be l l i ngshausen  Sea l e a d  t o  
enhanced c y c l o n i c  a c t i v i t i e s  which cont r ibu te  t o  t h e  maintain- 
ance of diminished i c e  cover (Ackley and Keliher ,  1 9 7 6 ) .  Gener- 
a l l y ,  i n t e n s e  cyc lones  force  t h e  sea  i c e  t o  t h e  north a t  t h e i r  
wes te rn  f l a n k s  and t o  t h e  sou th  a t  t h e i r  e a s t e r n  f l a n k s .  
The re fo re ,  t h e  s e a  i c e  a r e a  appea r s  t o  be l a r g e  a t  t h e  West 
coast of t h e  ROSS Sea i n  w i n t e r  1977 ( S t r e t e n  and Pike ,  1 9 8 0 ) .  
Equiva len t  r e l a t i o n s  e x i s t  f o r  an t icyc lones ,  which occasionally 
connect t h e  subt ropica l  with t h e  An ta rc t i c  Plateau high pressure 
r eq ions  ( C a v a l i e r i  and Pa rk inson ,  1981) .  Regions with frequent 
southerly winds show a  l a r g e r  v a r i a b i l i t y  of t h e  s e a  i c e  cover  
(S t r e t en  and Pike, 1980).  
Untersteiner  (1966) es t imates  t h e  mean t h i c k n e s s  of t h e  annua l  
Antarc t ic  sea i c e  a t  l t o  1.5 m. Convergences of t h e  i c e  ve loc i ty  
f i e l d  can cause pressure r idges of more than  10 m t h i c k n e s s .  I n  
con t r a s t  divergences s t r e t c h  t h e  pack i c e  f i e l d  so  t h a t  t h i n  i c e  
shee ts  can form. On t h e  average ,  t h i c k n e s s  i n c r e a s e s  w i th  i c e  
c o n c e n t r a t i o n .  Weller (1981) su.pposes t h a t  about 10% of t h e  pack 
i c e  area with a  concentration > 85% has a  thickness  of l e s s  than  
40 Cm.  I n  a r e a s  w i th  a  c o n c e n t r a t i o n  between 15% and 85% t h i s  
por t ion  amounts t o  35%. 
2.3.2 I ce  shelves 
About 45% of t h e  Antarc t ic  coas t l i ne  i s  occupied by f loa t ing  i c e  
s h e l v e s .  The i c e  s h e l f  a r e a  amounts t o  about 1.54 mil l ion km2 
(11% of t h e  Antarc t ic  cont inenta l  a rea ;  Jacobs  e t  a l .  , 1979 b )  . 
The l a rges t  i c e  shelves a r e  t h e  ROSS I ce  Shelf (0 .53 mil l ion km2) 
and t h e  Filchner-Ronne I c e  Shelf (0.47 mi l l ion  km2). A t  t h e  i c e  
f r o n t  t h e  t h i c k n e s s  ranges  from 200 t o  300 m wi th  one q u a r t e r  
above s e a  l e v e l .  Th i s  grows g r a d u a l l y  t o  about  1000 m a t  t h e  
qrounding l i n e .  
The i c e  s h e l v e s  melt  a t  t h e  bot tom a t  a  mean r a t e  of 0.3 ma-1 
( ~ a c o b s  e t  a l . ,  1979 b ) .  The me l t ing  r a t e  depends l o c a l l y  on 
t h e  c i r c u l a t i o n  of t h e  s h e l f  wa te r  under t h e  i c e  s h e l v e s .  
Generally, melting occurs when s h e l f  water  i s  fo rced  downwards 
and i s  f r e e z i n g  when water  ascends  alonq t h e  r i s i n g  i c e  shelf  
bottom. The f r e e z i n q  r a t e  i s  r e s t r i c t e d  by t h e  poor h e a t  con- 
duct ion across  t h e  i c e  shelves so t h a t  i c e  qrowth i s  l imited t o  a  
few centimeters per  year (Jacobs e t  a l . ,  1979a).  
The ROSS and t h e  Filchner-Ronne I c e  Shelves migrate with up t o  
1100 ma-I and up t o  1500 ma-I, r e s p e c t i v e l y  (MacAyeal, 1984; 
Robin e t  a l . ,  1 9 8 3 ) ,  i n t o  t h e  ocean. The con t inuous  supply  of 
g l a c i a l  i c e  from t h e  i n f e r i o r  of A n t a r c t i c a  i s  ba lanced  by 
iceberg calving of about 1600 km3a-I a t  t h e  i c e  f r o n t  (Jacobs e t  
a l . ,  1979 b ) .  The predominant t abu la r  i c e b e r g s  have d raugh t s  of 
up t o  350 m .  On t h e  average t h e i r  l i fe-span amounts t o  4  years 
( ~ a d o k  e t  a l . ,  1975) .  
2.4 Hydrography 
2.4.1 Water masses 
The water  mass of t h e  Southern  Ocean wi th  a  t o t a l  volume of 
137.6 X 10^km3 can  be subd iv ided  i n t o  t h e  fo l lowing  b a s i c  
components: 
- t h e  Antarct ic  Surface Water (AASW) 
- t h e  Circumpolar Deep Water (CDW) 
- t h e  Antarct ic  Bottom Water (AABw).  
Figure 16: @/S-diagram of water masses of t h e  Southern Ocean deep 
sea area (Carmack, 1977).  
The d i f f e r e n t  water  masses a r e  c h a r a c t e r i z e d  by t h e  p o t e n t i a l  
t e m p e r a t u r e / s a l i n i t y  diagram of F i q u r e  16 and t h e  va lues  of 
Tables  3  and 4 .  Apart from t h e s e  main wa te r  masses,  v a r i o u s  
secondary ca tegor ies  w i l l  be discussed l a t e r .  
2.4.1.1 Antarc t ic  Surface Water (AASW) 
I n  w i n t e r ,  t h e  AASW i s  a  n e a r l y  homogeneous water  mass which 
ex tends  down t o  about 250 meters depth. Its s a l i n i t y  va r i e s  from 
34.0 X 1 0 3  t o  34.5 X 1 0 ~ ~ .  The t e m p e r a t u r e  i n c r e a s e s  from a  
value near f reez inq  a t  t h e  Antarc t ic  Diverqence ( A A D )  t o  2 ' C  a t  
t he  Polar Front (PF)  (Tchernia,  1980).  
In Summer, t h e  mixed l aye r  of t he  AASW h a s  a  30 t o  80 m t h i c k -  
ness  which warms up t o  -1.8'C a t  t h e  i c e  edqe and t o  6OC a t  t he  
PF wh i l e  t h e  s a l i n i t y  d rops  t o  33.6 X 1 0 - ~  and 34.2 X 10-3, 
respec t ive ly  (Gordon and Mol ine l l i ,  1982 ) . Winter Water ( W W )  
occupies t h e  l e v e l s  below t h e  mixed l aye r .  
The low temperature WW i s  a  remnant of wintertime convection with 
t empera tu re s  nea r  f r e e z i n q  and s a l i n i t i e s  approachinq t h e  
c r i t i c a l  value of cabbelinq i n s t a b i l i t y  ( F o s t e r ,  1972 a ) .  I t  i s  
be l i eved  t h a t  WW t a k e s  P a r t  i n  t h e  fo rma t ion  of A n t a r c t i c  
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T a b l e  4: V o l u m e  and p e r c e n t  of t h e  t o t a l  v o l u m e  f o r  the  w a t e r  
m a s s e s  l i s t e d  i n  t a b l e  3 .  
TVO: t o t a l  v o l u m e  of t he  oceanic d o m a i n  
T V S :  t o t a l  v o l u m e  of the  s h e l f  d o m a i n  
2.4.1.2 Circumpolar Deep Water (CDW) 
The CDW i s  g e n e r a l l y  c h a r a c t e r i z e d  by a  t e m p e r a t u r e  maximum and  
a n  oxygen minimum beween 500 t o  1200 m d e p t h  and a  s a l i n i t y  
maximum between 750 t o  1500 m d e p t h  (Gordon and M o l i n e l l i ,  
1982 ;  T a b l e  2 1 0 ) ;  no 02-minimum e x i s t s  however i n  t h e  I n d i a n  
Ocean s e c t o r  (Cal lahan,  1972) .  According t o  t h e  extreme va lues  of 
s t a t e ,  CDW c a n  be  s u b d i v i d e d  i n t o  a n  upper  and a  lower regime 
(Gordon, 1971 b ) .  Figure  17 shows t h a t  a  f u r t h e r  s u b d i v i s i o n  i s  
p o s s i b l e  i n t o  Warm Deep Water ( W D W ) ,  which i s  r e s t r i c t e d  t o  t h e  
Weddell Sea, and warmer Southeast  P a c i f i c  Deep Water (SPDW) w i t h  
a  s l i g h t l y  h i g h e r  s a l i n i t y .  
F igure  17: P o t e n t i a l  t e m p e r a t u r e / s a l i n i t y  c o r r e l a t i o n  curve of 
t h e  Smax-layer between 20' t o  170Â° ( ~ o r d o n ,  1967) .  
CDW, with  a  mean th ickness  of about 2000 meters ,  o c c u p i e s  a b o u t  
58% of t h e  t o t a l  volume of t h e  Southern Ocean. I t  encompasses t h e  
d e n s i t y  range of t h e  North A t l a n t i c  Deep Water ( N A D W )  ( R e i d  e t  
a l . ,  1 9 7 7 )  d u e  t o  an i n f l u x  o f  t h e  l a t t e r  a t  1000 m d e p t h  a t  
about 45's i n  t h e  western S o u t h  A t l a n t i c  ( G e o r g i ,  1981;  Gordon 
and G o l d b e r g ,  1 9 7 0 ) .  Consequently,  two oxygen minima e x i s t  one 
above and t h e  o t h e r  below t h e  NADW. 
A t  t h e  A n t a r c t i c  Divergence, t h e  CDW ascends t o  a  l e v e l  of 150 t o  
100 meters where it causes  a  r e l a t i v e l y  s h a l l o w  t e m p e r a t u r e  and 
s a l i n i t y  maximum (Tchernia ,  1 9 8 0 ) .  
2.4.1.3 A n t a r c t i c  Bottom Water (AABW) 
AABW i s  c h a r a c t e r i z e d  by a  t e m p e r a t u r e  minimum and an  oxygen 
maximum n e a r  t h e  bottom. This water  mass occupies a  l a y e r  wi th  a  
mean th ickness  of 1100 meters .  
I t  i s  assumed t h a t  t h e  Weddell  Sea  i s  t h e  main s o u r c e  o f  t h e  
low-sa l in i ty  and t h e  ROSS Sea of t h e  h i g h - s a l i n i t y  AABW ( ~ o r d o n ,  
1 9 7 4 ) .  About 71 .6% of  t h e  t o t a l  AABW i s  produced i n  t h e  Weddell 
Sea,  while o n l y  6 . 6 %  h a s  i t s  o r i g i n  i n  t h e  ROSS Sea  ( ~ a r m a c k ,  
1 9 7 7 ) .  The r e s t  i s  formed a t  v a r i o u s  l o c a t i o n s  o f f  t h e  ~ d e l i e  
Coast (Gordon and Tchernia ,  1972) ,  o f f  t h e  Enderby ~ a n d - / ~ r y d z  
Bay Coas t  (Jacobs  and Georqi, 1977) ,  i n  t h e  Davis Sea ( ~ a r m a c k ,  
1977) and o f f  t h e  Amery I c e  Shelf  (Gordon, 1974) .  
ROSS Sea Bottom Water (RSBW) 
RSBW h a s  t h e  h i g h e s t  t e m p e r a t u r e  and h i g h e s t  s a l i n i t y  o f  t h e  
A n t a r c t i c  Bottom Water ( s e e  F i g .  1 6 ) .  I t  i s  c h a r a c t e r i z e d  by a  
second s a l i n i t y  maximum below t h e  main one. 
A t  t h e  s h e l f  break,  a  mixing of Modified Ci rcumpola r  Deep Water 
w i t h  High S a l i n i t y  S h e l f  Water and I c e  Shelf  Water t a k e s  p l a c e .  
This  mixture,  which h a s  a  h igher  d e n s i t y  than CDW d e s c e n d s  a l o n g  
t h e  c o n t i n e n t a l  s l o p e  and mixes  once more w i t h  CDW. T h i s  new 
water  body i s  c a l l e d  ROSS Sea Bottom Water (Jacobs  e t  a l . ,  1970) .  
I t  s p r e a d s  i n  a  l a y e r  of about 600 m th ickness  a long t h e  con t i -  
n e n t a l  r i s e  t o  t h e  west .  Near Balleny I s l a n d  t h e  bo t tom c u r r e n t  
s p l i t s  i n t o  two b r a n c h e s .  The f i r s t  one advances t o  t h e  nor th  
t h r o u g h  t h e  B a l l e n y  F r a c t u r e  Zone ( c a .  160Â°W) t h e  o t h e r  one 
con t inues  i n  a  w e s t e r l y  d i r e c t i o n  i n t o  t h e  South Ind ian  Basin and 
f i n a l l y  mixes w i t h  t h e  ~ d e l i e  C o a s t  Bottom Water (Rodman and 
Gordon, 1982) .  The l a t t e r  i s  r a t h e r  s i m i l a r  t o  t h e  b o t t o m  w a t e r  
o f  t h e  Weddell  Sea wi th  r e s p e c t  t o  i t s  @/s va lues .  I t  occupies  a  
t h i n  l a y e r  over  t h e  c o n t i n e n t a l  s l o p e  o f f  t h e  ~ d e l i e  Coast .  
Bottom w a t e r  w i t h  a  p o t e n t i a l  t e m p e r a t u r e  o f  -0.75'C and a  
r e l a t i v e l y  h i g h  0 2 - v a l u e  o f  6 . 1  X 1 0 3  was found o v e r  t h e  
c o n t i n e n t a l  r i s e  a t  60Â°E I t s  c h a r a c t e r i s t i c s  d i f f e r  f rom t h o s e  
o f  t h e  bo t tom wate r s  of t h e  e a s t e r n  Weddell Sea and of t h e  South 
Ind ian  Basin.  Jacobs and Georgi (1977) c o n c l u d e  t h a t  t h i s  w a t e r  
mass i s  formed a long t h e  Enderby ~ a n d - / ~ r y d z  Bay Coast .  
2.4.1.4 Modified Circumpolar Deep Water (MCDW) 
MCDW r e p r e s e n t s  t h e  w a t e r  mass o f  t h e  t r a n s i t i o n  Zone between 
W i n t e r  Water and Ci rcumpola r  Deep Water ( s e e  F i g .  1 6 ) .  I t  has  a  
r a t h e r  weak s t a t i c  s t a b i l i t y .  I n  meridional  s e c t i o n s  a c r o s s  t h e  
s h e l f b r e a k  MCDW a p p e a r s  a s  a  warm t o n g u e  be tween  t h e  s u r f a c e  
water  and t h e  s h e l f  water  and compensa tes  f o r  t h e  d i s c h a r g e  o f  
s h e l f  water masses.Through mixinq wi th  High S a l i n i t y  Shelf  Water, 
it contributes to the bottom water formation. In the Weddell Sea 
MCDW is called Modified Warm Deep Water (MWDW) for historical 
reasons. West of 40Â° MWDW exists only at the shelf break 
Fester and Carmack, 1976 a), but in the ROSS Sea the influence 
of MCDW could still be proved at the shelf ice edge at 100 
meters depth (Jacobs et al., 1970). 
2.4.1.5 Antarctic Intermediate Water (AAIW) 
AAIW is characterized by a salinity minimum and an oxyqen maximum 
near the sea surface north of the Polar Front. These features are 
apparent at depths of more than 1000 meters at mid-latitudes 
(Piola and Georgi, 1982). 
In the Atlantic the AAIW flows northwards with the Falkland 
Current predominantly alonq isopycnal surfaces (Kuksa and 
Poyarkow, 1977) to about 40's. Further downstream it turns 
eastwards into the anticyclonic subtropical gyre and reaches 
finally the coast of South America north of 30's. The salinity 
minimum can still be detected as far as 2 5 ' N  - 20Â° (Reid et al., 
1977 and WÃ¼st 1935). 
In the Indian Ocean the AAIW terminates at about 5's and in the 
Pacific Ocean at 10's (Wyrtki, 1971). The reason for the diffe- 
rences of the meridional distribution lies presumably in the 
special bottom topoqraphy of the three oceans. The regional 
production rate may also contribute to this distribution (Jacobs 
and Georgi, 1977). 
The water mass of the transition Zone 2 (see Fig. 16), with a 
maximum potential temperature of Q = 2.5OC and a minimum salinity 
of S = 34.2 X 1 0 - ~ ,  is restricted to the Indian (3.6 X lo6km3) 
and Pacific (3.3 X lo6km3) sectors (Carmack, 1977). Such 
characteristics could result from a mixture of CDW and AAIW. 
2.4.1.6 Shelf Water 
Figure 18: Q/s diaqram of water masses of the Southern Ocean 
shelf domain (Carmack, 1977). 
The shelf  water masses o r i g i n a l e  fram w i n t e r  t ime convec t ion .  
They can t h u s  be compared wi th  t h e  WW of t h e  deep ocean .  In  
respect  t o  bottom water p roduc t ion ,  a  d i s t i n c t i o n  must b e  made 
between Low S a l i n i t y  Shelf  Water (LSSW) and High S a l i n i t y  Shelf 
Water (HSSW). Only s h e l f  water  w i th  a  s a l i n i t y  > 34.6 X 1 0 - ~  
cont r ibu tes  t o  bottom water production (Mosby, 1934).  
Shelf water i s  seperated from water masses of t he  deep ocean by a  
f r o n t a l  Zone along the  c o n t i n e n t a l  s l o p e .  Gordon (1974)  shows 
t h a t  topography, e spec i a l ly  t h e  she l f  widths and t h e  existente of 
depressions, cause differentes i n  shelf  water  s a l i n i t i e s .  Shelf  
wa te r  wi th  s a l i n i t i e s  > 34.75 X 1 0 3  (HSSW) Covers most of t he  
she l f  of t he  ROSS Sea,  which i s  600 km wide and ex tends  a l s o  
below t h e  i c e  s h e l f  (MacAyeal, 1984).  The s a l i n i t y  of t h e  water 
masses of t h e  Weddell Sea s h e l f ,  which i s  about 500 km wide, 
assumes va lues  of up t o  34.8 X 1 0 - ~  w h i l s t  over  t h e  she l f  off 
~ d e l i e  Land, s a l i n i t i e s  > 34.6 x  10-^ a r e  a l so  t o  be found. 
The in t e rac t ion  of HSSW with the  Filchner and ROSS I ce  Shelves i n  
t h e  frame work of b a s a l  melting i n  about 200 meters water depth 
leads t o  t he  formation of I ce  Shelf Water (ISW) ( Jacobs  e t  a l . ,  
1970; Carmack and Fos ter ,  1975 a ) .  The po ten t i a l  temperature here 
drops below the  sea sur face  freezing t empera tu re .  In  t h e  Course 
of l o c a l  c i r c u l a t i o n ,  ISW can be detected off t h e  i c e  f ron t  a t  
intermediate depths (MacAyeal, 1984; Rohardt and Augstein, 1985).  
2.4.1.7 The Polar Fronta l  Zone (PFz) 
2.4.1.7.1. General Features  
A t  t h e  Antarct ic  Converqence, cold,  l e s s  s a l i n e  Antarc t ic  Surface 
Water (AASW) meets warmer, more s a l i n e  Subantarct ic  Surface Water 
(SASW). The t r a n s i t i o n  Zone ( P o l a r  Fronta l  Zone) i s  bounded by 
two f ron t s :  t h e  Polar Front (PF) t o  t he  south and t h e  Subantarc-  
t i c  F ron t  ( s F )  t o  t h e  n o r t h .  Large hor izonta l  dens i ty  grad ien ts  
associated with t h e s e  f r o n t s  can a l s o  be d e t e c t e d  i n  t h e  deep 
w a t e r s .  They a r e  r e l a t e d  t o  c u r r e n t  c o r e s  of t h e  A n t a r c t i c  
Circumpolar Current (Nowlin e t  a l . ,  1977; Sciremammano e t  a l . ,  
1 9 8 0 ) .  Most of t h e  h o r i z o n t a l  temperature and s a l i n i t y  changes 
across t h e  f ron t s  can be exp la ined  by a  v e r t i c a l  o f f s e t  of t h e  
i s o p y c n a l s .  This  i s  p a r t i c u l a r l y  t r u e  f o r  deep waters where the  
h o r i z o n t a l  water  mass zona t ion  i s  due t o  i sopycna l  t i l t i n g  
(Nowlin and C l i f fo rd ,  1982).  Large meridional s h i f t s  of t he  Polar 
and Subantarct ic  Fronts cause cons iderable  temporal  and s p a t i a l  
v a r i a b i l i t y  of t h e  PFZ wid th .  South of A u s t r a l i a  t h e  width i s  
about 500 km whi l s t  i n  t h e  Drake Passage it i s  reduced t o  250 
km (Sciremammano e t  a l . ,  1980) .  
The P o l a r  Front i s  mainly charac te r ized  by a  ho r i zon ta l  tempera- 
t u r e  va r i a t i on  i n  t he  range of l 0 C  t o  3OC across t h e  f r o n t  i n  t h e  
upper 500 m of t h e  ocean .  Due t o  h e a t i n g  i n  spr ing  and summer, 
the maximum sea surface temperature gradient decreas'es and shifts 
to the south by 1 to 2 deqrees of latitude. Satellite observa- 
tions at the Drake Passage between August and November reveal sea 
surface temperature gradients at the PF of 0.05-0.25Â° km-I 
(Leqeckis, 1977). The position of the PF is defined by 
- the northernmost position of the 2OC isotherm in the AASW 
(Botnikow, 1963), 
- the salinity minimum at the 200 m depth level (see Fig.19) 
which is caused by increasinq thickness of the AASW to the 
north (Ostapoff, 1962 ) , 
- the northern termination of the temperature minimum layer of 
the AASW (Gordon, 1967). 
Fiqure 19: Salinity distribution at the 200 m depth level south 
of 40's. The dotted line indicates the salinity 
minimum (Gordon et al., 1978). 
The  c i r c u m p o l a r  a v e r a g e  o f  t h e  PF i s  s i t u a t e d  a t  52O-53's  
( T r e s h n i k o v  e t  a l . ,  1 9 8 0 ) .  D e v i a t i o n s  from t h e  mean p o s i t i o n  a r e  
due  t o  t h e  asymmetry  o f  t h e  A n t a r c t i c  c o n t i n e n t  and t h e  a s s o -  
c i a t e d  a t m o s p h e r i c  f i e l d s .  S t r i k i n g  m e r i d i o n a l  s h i f t s  of  5  t o  10  
d e g r e e s  o f  l a t i t u d e  o c c u r  b e t w e e n  1 5 0 '  a n d  170Â°  due  t o  t h e  
M a c q u a r i e  R idqe ,  and between 45' and 70Â° due t o  t h e  c o n t i n e n t a l  
b o u n d a r i e s  o f  t h e  Drake Passage  and t h e  bo t tom t o p o g r a p h y  o f  t h e  
S c o t i a  S e a .  I n  t h e  Drake  Pas sage ,  t h e  PF i s  a t  l e a s t  30 km wide 
(Nowlin and C l i f f o r d ,  1 9 8 2 ) .  
The  p o s i t i o n  o f  t h e  PF v a r i e s  s e a s o n a l l y  b y  1 t o  2  d e g r e e s  o f  
l a t i t u d e .  Meanders of  t h e  PF h a v e  c h a r a c t e r i s t i c  wave l e n g t h s  o f  
1 0 0  -250 km a n d  p h a s e  v e l o c i t i e s  o f  10-15  cms- l .  They c a u s e  
m e r i d i o n a l  s h i f t s  of t h e  PF o f  up  t o  2  d e g r e e s  of l a t i t u d e  i n  t h e  
C o u r s e  o f  a  few weeks ( L e g e c k i s ,  1977;  S i e v e r s  and Emery, 1978;  
Sciremammano e t  a l . ,  1 9 8 0 ) .  T h e s e  waves  c a n  d e v e l o p  i n t o  d e e p  
r e a c h i n g  c o l d  c o r e  r i n g s ,  w i t h  d i a m e t e r s  o f  60 - 100 km, which 
d r i f t  i n  t h e  A n t a r c t i c  Ci rcumpolar  C u r r e n t  o r  m i q r a t e  n o r t h w a r d s  
a c r o s s  t h e  PFZ ( S i e v e r s  and Emery, 1978,- Savchenko e t  a l . ,  1978;  
J o y c e  e t  a l . ,  1981;  P e t e r s o n  e t  a l . ,  1 9 8 2 ) .  F i g u r e  20a shows  a  
l a r g e  s u r f a c e  t e m p e r a t u r e  g r a d i e n t  a t  t h e  PF and a  weak Subant-  
a r c t i c  F r o n t .  Ten days  l a t e r  t h e r e  i s  a  c o l d  c o r e  r i n g  of AASW i n  
t h e  PFZ, g e n e r a t e d  a t  t h e  PF ( F i g .  2 0 b ) .  The PFZ h a s  widened due 
t o  t h e  n o r t h w a r d  s h i f t  o f  t h e  S u b a n t a r c t i c  F r o n t ,  w h i c h  i s  
i n t e n s i f i e d  b y  t h e  c y c l o n i c  c i r c u l a t i o n  o f  t h e  r i n g .  A f t e r  a  
f u r t h e r  14  days  p e r i o d ,  t h e  eddy h a s  b e e n  a d v e c t e d  away o r  i s  
d i s s i p a t e d  a n d  t h e  S u b a n t a r c t i c  F r o n t  shows a  d o u b l e - f r o n t  
s t r u c t u r e  (56 .5 ' s  and 5 8 " s ;  F i g .  2 0 c ) .  Computat ions by De S z o e k e  
and Levine  (1981)  s u g g e s t  t h a t  r i n g  f o r m a t i o n  seems t o  p r o v i d e  an  
i m p o r t a n t  c o n t r i b u t i o n  t o  t h e  t o t a l  m e r i d i o n a l  h e a t  t r a n s p o r t  . 
I n t e r a n n u a l  m e r i d i o n a l  v a r i a t i o n s  o f  t h e  PF amount t o  a b o u t  4 
d e g r e e s  of  l a t i t u d e  (Bo tn ikov ,  1 9 6 4 ) .  
Maximum t e m p e r a t u r e  c h a n g e s  a c r o s s  t h e  S u b a n t a r c t i c  F r o n t  (SF)  
o c c u r  i n  t h e  r a n g e  o f  3OC t o  9OC i n  t h e  u p p e r  500 m e t e r s .  The  
i n t e n s i t y  o f  t h e  SF v a r i e s  d i s t i n c t l y  w i t h  l o n g i t u d e .  I f  n e i t h e r  
c o n t i n e n t a l  b o u n d a r i e s  n o r  z o n a l  s u b m a r i n e  r i d g e s  a f f e c t  t h e  
A n t a r c t i c  C i r c u m p o l a r  C u r r e n t ,  t h e  SF i s  weak a s  i n  t h e  South-  
e a s t  P a c i f i c  B a s i n  (Emery ,  1 9 7 7 ) .  I n  t h e  I n d i a n  Ocean a n d  t h e  
S o u t h w e s t  P a c i f i c ,  b e t w e e n  20Â° and 160Â°W t h e  SF i s  s t r o n g  due  
t o  t h e  i n f l u e n c e  of  t h e  Agulhas C u r r e n t  and t h e  S o u t h e a s t  I n d i a n  
R i d g e .  I n  t h e  D r a k e  P a s s a g e ,  t h e  m e r i d i o n a l  w i d t h  o f  t h e  SF 
amounts t o  a t  l e a s t  37 km (Nowlin and C l i f f o r d ,  1 9 8 2 ) .  
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Figure 20: North-south temperature sections from XBT-observations 
and surface temperature and salinity distributions 
along these sections across the Drake Passage. PF, 
SAF, CWB denote the positions of the Polar Front, the 
Subantarctic Front and the Continental Water Boundary. 
a )  17 - 18 November, b) 27 - 29 November, C) 13 
-14 December 1976 (Sievers and Emery, 1978). 
2 .4 .1 .7 .2  Thermohaline c h a r a c t e r i s t i c s  
The  S u b a n t a r c t i c  S u r f a c e  Wate r  (SASW) i s  c h a r a c t e r i z e d  by  a  
n e a r l y  i s o h a l i n e  l a y e r  s t a r t i n g  between 100 m and 400 m d e p t h  a t  
t h e  SF. Northwards t h i s  regime becomes t h i c k e r ,  warmer,  a n d  more  
s a l i n e .  
To  t h e  s o u t h  o f  t h e  PF i s o t h e r m s  and i s o h a l i n e s  g e n e r a l l y  h a v e  a  
s m a l l e r  v e r t i c a l  s l o p e  t h a n  t o  t h e  n o r t h .  I n  t h e  r e g i o n  o f  t h e  
PFZ, a  s t e p w i s e  r i s e  o f  i s o t h e r m s  and i s o h a l i n e s  r e l a t e d  t o  t h e  
SF and PF can  b e  obse rved .  I n  t h e  upper  500 m of  t h e  PFZ, i n  t h e  
P a c i f i c  s e c t o r ,  t h e  t e m p e r a t u r e  r a n g e s  f r o m  2OC t o  7OC a n d  
s a l i n i t y  f r o m  3 3 . 8 5  X 10-3 t o  3 4 . 3 5  X 1 0 - ~ .  The  t e m p e r a t u r e  
minimum l a y e r  of  t h e  WW does  n o t  always e x i s t .  
F i g u r e  2 1 :  T h e r m a l  s t r u c t u r e  o f  t h e  upper  500 m a l o n g  40Â°W The 
s e c t i o n  was r eco rded  i n  J a n u a r y  and  F e b r u a r y  1 9 7 7  b y  
XBT-probes ( T a y l o r  e t  a l . ,  1 9 7 8 ) .  
On t h e  m e r i d i o n a l  t e m p e r a t u r e  s e c t i o n  a l o n g  40Â° ( F i g .  2 1 )  t h e  
PFZ l i e s  b e t w e e n  4 7 . 5 ' s  a n d  4 9 . 5 ' s .  Sou th  o f  48'S, a d i s t i n c t  
t h e r m o c l i n e  h a s  formed i n  abou t  80m d e p t h  d u e  t o  s o l a r  h e a t i n g .  
The  t e m p e r a t u r e  minimum l a y e r  below t h e  t h e r m o c l i n e  i s  governed  
by a  c e l l u l a r  s t r u c t u r e .  
A l o n g  1 3 2 " E ,  t h e  PFZ i s  b r o a d e n e d  f r o m  4 8 ' s  t o  5 8 ' s  i n  t h e  
summer ( F i q .  2 2 ) .  During w i n t e r  t h e  f r o n t a l  r e g i o n  h a s  p r a c t i - c a l -  
l y  n o  v e r t i c a l  t e m p e r a t u r e  g r a d i e n t  i n  t h e  u p p e r  500 m o f  t h e  
w a t e r  column. 
STATION NUMBER 
F i g u r e  22: Thermal s t r u c t u r e  of  t h e  upper  500 m a l o n g  132OE. The 
s e c t i o n  was r eco rded  i n  December 1969 and J a n u a r y  1970 
by STD-probes (Emery, 1 9 7 7 ) .  
E a s t  o f  t h e  USARP F r a c t u r e  Zone (140Â°W and e a s t  o f  t h e  Macquarie 
R i d g e  ( 1 6 5 ' E ) ,  c o l d  c e l l s  w i t h  t e m p e r a t u r e s  < 2 O C  f r e q u e n t l y  
o c c u r  i n  t h e  PFZ. These  f e a t u r e s  may o r i g i n a t e  from r i n g s  formed 
a t  t h e  P o l a r  F r o n t ,  l o c a l  d i v e r g e n c e s  g e n e r a t e d  by  c y c l o n i c  
a c t i v i t i e s  i n  t h e  a tmosphere ,  and b r e a k i n g  i n t e r n a l  waves which 
m i g r a t e  n o r t h w a r d s  a l o n g  t h e  A n t a r c t i c  p y c n o c l i n e  ( G o r d o n ,  
1971 a ) .  I n  t h e  P a c i f i c  s e c t o r  t h e  l a r g e s t  h o r i z o n t a l  t e m p e r a t u r e  
g r a d i e n t s  can  b e  obse rved  a t  t h e  s o u t h e r n  b o u n d a r y  o f  t h e  PFZ, 
w h e r e a s  t h e  l a r g e s t  h o r i z o n t a l  s a l i n i t y  g r a d i e n t s  occu r  a t  t h e  
n o r t h e r n  boundary  (Moroz, 1 9 7 9 ) .  
F i g u r e  23: N o r t h - s o u t h  p r o f i l e s  o f  p o t e n t i a l  t e m p e r a t u r e ,  
s a l i n i t y  a n d  p o t e n t i a l  d e n s i t y  r e l a t i v e  t o  0 ,  20 and 
40 MPa a c r o s s  t h e  D r a k e  P a s s a g e .  The  PF i s  s i t u a t e d  
b e t w e e n  s t a t i o n s  38 a n d  4 0 ,  t h e  S F  n e a r  s t a t i o n  30 
(Joyce  e t  a l . ,  1978). 
P r o f i l e s  of t e m p e r a t u r e  and  s a l i n i t y  a c r o s s  t h e  Drake  P a s s a g e  
F i g .  2 3 )  i n d i c a t e  a  r i s e  of  t h e  h i g h l y  s a l i n e  CDW from 3000 m 
i n  t h e  n o r t h  t o  800 m i n  t h e  s o u t h .  The SF and PF e x t e n d  down t o  
t h e  o c e a n  f l o o r .  I n  t h e  u p p e r  500 m ,  l a r g e - s c a l e  r e s p e c t i v e  
t h e r m a l  and h a l i n e  q r a d i e n t s  a l o n q  d e n s i t y  s u r f a c e s  amount  t o  
a b o u t  2 . 5  X and 3 . 1  x 1 0 - ~  m"-l a c r o s s  t h e  PF ( J o y c e  e t  
a l . ,  1 9 7 8 ) .  XBT s u r v e y s  f rom 1975  t o  1979  a c r o s s  t h e  D r a k e  
P a s s a g e  d i s p l a y  v a r i a t i o n s  o f  t h e  PFZ wid th  from 80  t o  340 km. 
L a t e r a l  d e v i a t i o n s  from t h e  mean p o s i t i o n  o f  PFZ r ange  between 70 
km t o  t h e  n o r t h  and 120 km t o  t h e  s o u t h  (Whitworth,  1 9 8 0 ) .  A mean 
m e r i d i o n a l  s l o p e  a n d  t h e  meander  s t r u c t u r e  o f  t h e  PFZ i n  t h e  
w e s t e r n  S c o t i a  Sea  d u r i n g  sumrner i s  i n d i c a t e d  on F i g .  24. 
F i g u r e  24: S u r f a c e  d i s t r i b u t i o n  o f  t e m p e r a t u r e  and  s a l i n i t y  i n  
t h e  w e s t e r n  S c o t i a  Sea i n  au:ri2nec- 7'375 (Gordon e t  a l . ,  
1977 b ) .  
From 70Â° t o  45OW, t h e  PFZ i s  s h i f t e d  t o  t h e  n o r t h  by  a b o u t  
10  d e g r e e s  of  1a t i t ude .Th i . s  nor thward  m i g r a t i o n  from wes t  t o  e a s t  
t a k e s  p l a c e  i n  t h r e e  s t e p s  f o r c e d  b y  l a t e r a l  b o u n d a r i e s  a n d  
bo t tom topography .  The 4OC i s o t h e r m  and t h e  33 .8  X l o 3  i s o h a l i n e  
mark t h e  p o s i t i o n  o f  t h e  PF a t  t h e  s e a  s u r f a c e  w h i l s t  t h e  6OC 
i s o t h e r m  and 3 4 . 0  X 10-3  i s o h a l i n e  i n d i c a t e  t h e  SF. V e r t i c a l  
p r o f i l e s  of  t e m p e r a t u r e  a n d  s a l i n i t y  ( F i g .  2 5 )  i n  t h e  w e s t e r n  
S c o t i a  S e a  r e v e a l  t h e  d i s t i n c t  m e r i d i o n a l  differentes i n  t h e  
v e r t i c a l  t e m p e r a t u r e  and s a l i n i t y  d i s t r i b u t i o n  a c r o s s  t h e  P o l a r  
F r o n t .  The d i f f e r e n t  t h e r m o h a l i n e  s t a t e s  o f  t h e  t h r e e  a r e a s  a r e  
a l s o  shown on F i g .  25. 
F i g u r e  25: C h a r a c t e r i s t i c  T/S-curves and v e r t i c a l  d i s t r i b u t i o n  of  
t e m p e r a t u r e  a n d  s a l i n i t y  f o r  t h e  S u b a n t a r c t i c ,  P o l a r  
F r o n t a l  and A n t a r c t i c  Zones i n  t h e  Western S c o t i a  Sea  
(Gordon e t  a l . ,  1977 b ) .  
2 .4.1.8 Weddel l -Scot ia  Conf luence  (WSC) 
The WSC, a b o u t  1 5 0  km i n  w i d t h ,  s e p a r a t e s  t h e  S c o t i a  S e a  a n d  
W e d d e l l  S e a  w a t e r s .  I t  f o l l o w s  t h e  S o u t h  S c o t i a  Ridge from t h e  
t i p  of  t h e  A n t a r c t i c  P e n i n s u l a  t o  t h e  Sou th  Sandwich I s l a n d s .  
F igu r  e  26 :  H o r i z o n t a l  d i s t r i b u t i o n  o f  s a l i n i t y  a t  2 0  m d e p t h  
Summer ( p a t t e r s o n  and S i e v e r s ,  1 9 8 0 ) .  
At the surface, the WSC is characterized by high salinity values 
s > 34.0xl0-~, Fig. 26) in summer (Gordon et al., 1977 b). East 
of 33OW, the surface of the WSC detaches from the deep signature 
in turning to the north of the South Scotia Ridge (Patterson and 
Sievers, 1980). 
Durinq winter, the western Part of the WSC (west of the South 
Orkney Islands (45.5OW) ) is vertically well-mixed. Its water 
mass is clearly separated from the waters of the Weddell and 
Scotia Seas as shown in Fig. 27. WSC deep waters are colder, less 
saline and more oxygenated than those of the Weddell and Scotia 
Seas. With increasing distance from the Antarctic Peninsula the 
influence of the Weddell and Scotia Seas On the WSC increases 
again. 
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Fiqure 27: Vertical distribution of potential temperature 
along 49OW. 
SS: Scotia Sea 
WSC: Weddell-Scotia Confluence 
WS : Weddell Sea 
(Patterson and Sievers, 1980), 
The origin of the western WSC seems to be due to the mixing of 
waters from the Bransfield Strait and waters which are transpor- 
ted to the north along the east and west coast of the Antarctic 
Peninsula (Patterson and Sievers, 1980; Gordon and Nowlin, 1978). 
A possible contribution to deep convection southwest of Elephant 
Island is the sinking of shelf water down the continental slope 
f r o m  t h e  e a s t  c o a s t  o f  t h e  A n t a r c t i c  P e n i n s u l a  d u r i n g  w i n t e r  
(Gordon a n d  N o w l i n ,  1978  ) . F u r t h e r  e a s t w a r d s ,  t h e  WSC becomes 
l e s s  s i g n i f i c a n t  due t o  l a t e r a l  mixing.  E a s t  o f  E l e p h a n t  I s l a n d  
t h e  WSC f o r m s  a  q u a s i - s t a t i o n a r y  meande r  f o r c e d  by  b o t t o m  
topography and  t h e  n o r t h w a r d  a d v e c t i o n  o f  Wedde l l  S e a  w a t e r s  
( S t e i n ,  1981;  SCAR, 1 9 8 3 ) .  
2 .4.2 Oceanic  c i r c u l a t i o n  
2.4.2.1 A n t a r c t i c  Ci rcumpolar  C u r r e n t  (ACC) 
Mer id iona l  d e n s i t y  d i s t r i b u t i o n  and w e s t e r l y  winds c a u s e  c i r c u m -  
p o l a r  e a s t w a r d  m o t i o n s  o f  t h e  w a t e r  n o r t h  o f  t h e  A n t a r c t i c  
Divergence .  Wind s t r e s s ,  bo t tom topography  a n d  l a t e r a l  f r i c t i o n  
p r o d u c e  d e f l e c t i o n s  f r o m  a  p u r e l y  z o n a l ,  g e o s t r o h p i c a l l y  
ba l anced  c u r r e n t .  The m e r i d i o n a l  e x t e n s i o n  o f  t h e  ACC r a n g e s  from 
1000  t o  2000 km. The ma in  f l o w  a x i s  l i e s  between 45's and 60 ' s  
(De Szoeke and Levine ,  1 9 8 1 ) .  C u r r e n t  m e a s u r e m e n t s  i n  t h e  Drake  
P a s s a g e  r e v e a l  t h r e e  c o r e s  o f  t h e  ACC a s s o c i a t e d  w i t h  d e e p  
r e a c h i n g  t h e r m o h a l i n e  f r o n t s  (PF,  SF, C o n t i n e n t a l  Water Bounda- 
r y ) .  T h e i r  g e o s t r o p h i c  mass  t r a n s p o r t s  accoun t  f o r  abou t  t h r e e  
q u a r t e r s  o f  t h e  t o t a l  b a r o c l i n i c  t r a n s p o r t  r e l a t i v e  t o  2500 m 
d e p t h  ( N o w l i n  e t  a l . ,  1977 ;  P i l l s b u r y  e t  a l . ,  1979;  Nowlin and 
C l i f f o r d ,  1 9 8 2 ) .  Maximum v e l o c i t i e s  o c c u r  i n  t h e  A t l a n t i c  and  
P a c i f i c  s e c t o r s  a t  t h e  PF and i n  t h e  I n d i a n  s e c t o r  a t  t h e  SF. On 
t h e  a v e r a  e ,  s u r f a c e  v e l o c i t i e s  o f  t h e  c u r r e n t  c o r e s  amount t o  25 
-30 cms-f.  S u r f a c e  s p e e d s  a r e  g r e a t e r  a t  t h e  SF and PF t h a n  a t  
t h e  C o n t i n e n t a l  Wa te r  Bounda ry  (Gordon  e t  a l . ,  1 9 7 8 ;  Gordon ,  
1980;  Nowlin and C l i f f o r d ,  1 9 8 2 ) .  
The t r a n s p o r t s  o f  t h e  ACC s o u t h  o f  S o u t h  A m e r i c a ,  A f r i c a  and  
A u s t r a l i a  a r e ,  by and l a r g e ,  i d e n t i c a l .  They arnount t o  abou t  130 
X 106  m 3 s - I ,  w i t h  a  b a r o t r o p i c  c o n t r i b u t i o n  o f  20 - 40 %, which 
i n c r e a s e s  t o  t h e  s o u t h  d u e  t o  t h e  g r o w i n g  h o m o g e n e i t y  o f  t h e  
w a t e r  co lumn  ( G o r d o n ,  1 9 8 0 ;  F a n d r y  a n d  P i l l s b u r y ,  1 9 7 9 ) .  I n  
w i n t e r ,  t h e  t r a n s p o r t  i s  s l i q h t l y  h i g h e r  t h a n  i n  summer ( N e a l  
and  Nowl in ,  1 9 7 9 ) .  The  ACC g e n e r a l l y  f o l l o w s  t h e  c o n t o u r s  of  
c o n s t a n t  p o t e n t i a l  v o r t i c i t y .  Thus,  ea s tward  f l o w  i s  d e f l e c t e d  t o  
t h e  n o r t h  where  t h e  ocean  bo t tom r i s e s  and  t o  t h e  s o u t h  where t h e  
bot tom deepens .  According t o  k i n e t i c  e n e r g y  c o n s i d e r a t i o n s  t h e  
ACC i s  i n t e n s i f i e d  a l o n g  t h e  n o r t h e r n  f l a n k s  and weakened a long  
t h e  s o u t h e r n  f l a n k s  o f  z o n a l  r i d g e s  (Thompson,  1 9 7 1 ) .  The 
b a r o c l i n i c i t y  o f  t h e  ACC is c l o s e l y  r e l a t e d  t o  bo t tom topography 
( ~ i g .  2 8 ) .  A t  some l o c a t i o n s  bot tom topography  and t h e  n o r t h w a r d  
s p r e a d i n g  o f  AABW c a u s e  r a t h e r  s t e a d y  c o u n t e r  c u r r e n t s .  
Figure  28: Geopotent ia l  anomaly of t h e  s e a  s u r f a c e  r e l a t i v e  t o  
10 MPa i n  dyn m. (Gordon e t  a l . ,  1978) .  
2.4.2.1.1 General  Fea tu res  of t h e  ACC 
T r a j e c t o r i e s  of d r i f t e r s  i n  t h e  ACC r e v e a l  u n d u l a t o r y  d i s p l a c e -  
ments  w i t h  c h a r a c t e r i s t i c  wave l e n q t h s  of 200 - 400 km and 
per iods  of 5  - 20 days (Kor t ,  1981) .  P ressure  gauge measurements  
a t  500 m depth  a t  t h e  Drake Passage between 1976 and 1978 d i s p l a y  
p r e s s u r e  f l u c t u a t i o n s  up t o  2.5 x 103 Pa, wi th  pe r iods  ranging 
from some weeks t o  more t h a n  one y e a r .  P r e s s u r e  f l u c t u a t i o n s  o f  
p e r i o d s  > 28 d a y s  a r e  s t r o n g l y  c o r r e l a t e d  wi th  t h e  circumpolar 
averaged geos t roph ic  wind f i e l d  w i t h  a  r e s p o n s e  t i m e  o f  5 . 5  t o  
9 . 5  d a y s ,  i n d i c a t i n g  t h e  e x i s t e n c e  o f  l o n g  b a r o t r o p i c  g r a v i t y  
waves w i t h  p h a s e  Speeds  o f  up t o  3000 k m d l .  F l u c t u a t i o n s  wi th  
pe r iods  < 20 days a r e  mainly caused by t h e  l o c a l  wind f i e l d  w i t h  
a  r e s p o n s e  t ime  of 1 - 3  days .  C l a r k e ' s  (1982) computations show 
t h a t  t h e  response of t h e  ACC t o  wind v a r i a t i o n s  wi th  p e r i o d s  l e s s  
t h a n  a  few y e a r s  i s  p r e d o m i n a n t l y  b a r o t r o p i c .  B a r o c l i n i c  f l u c -  
t u a t i o n s  a r e  found f o r  p e r i o d s  g r e a t e r  t h a n  70 y e a r s  c a u s e d  by 
l o n g  p e r i o d  u p p e r  ocean  t e m p e r a t u r e  v a r i a t i o n s .  S i g n a l s  of t h e  
Southern Ocean wi th  t ime s c a l e s  from 30 t o  100 y e a r s  a r e  p o s s i b l y  
t r a n s m i t t e d  t o  t h e  w o r l d  o c e a n  by t h e  A n t a r c t i c  I n t e r m e d i a t e  
Water and S u b a n t a r c t i c  Mode Water ( F l e t c h e r  e t  a l . ,  1982) .  
Numerous meso-scale  e d d i e s ,  p r e s u m a b l y  i n i t i a t e d  by b a r o c l i n i c  
i n s t a b i l i t i e s  ( ~ r y d e n ,  1979;  Sciremamrnano e t  a l . ,  1980;  Wright ,  
1 9 8 1 ) ,  m i g r a t e  ea s tward  w i t h i n  t h e  ACC. Most o f  t hem h a v e  r a d i i  
o f  l e s s  t h a n  1 0 0  km a n d  a  c h a r a c t e r i s t i c  r o t a t i o n  v e l o c i t y  of 
25  c m s l .  High  e d d y  c o n c e n t r a t i o n ,  found i n  t h e  S c o t i a  Sea  and 
no r thwes t  o f  t h e  Kergue len -P la t eau ,  i s  p r o b a b l y  g e n e r a t e d  b y  t h e  
b o t t o m  t o p o g r a p h y  o f  t h e s e  r e g i o n s  ( K o r t ,  1 9 8 1 ) .  A s t a t i s t i c a l  
a n a l y s i s  by  L u t j e h a r m s  and  B a k e r  ( 1 9 8 0 )  r e v e a l s  a  d e c r e a s i n g  
v a r i a b i l i t y  o f  t h e  ACC w i t h  i n c r e a s i n g  d i s t a n c e  from t h e  PFZ. 
Loca l  differentes from t h i s  r u l e  e x i s t  i n  t h e  Southwest  A t l a n t i c ,  
w h e r e  t h e  F a l k l a n d  C u r r e n t  meets  t h e  B r a z i l  C u r r e n t ,  and i n  t h e  
S o u t h e a s t  A t l a n t i c ,  w h e r e  t h e  ACC m e e t s  t h e  A q u l h a s  C u r r e n t .  
S a t e l l i t e  Images  f r e q u e n t l y  show d i s t i n c t  e d d y  s t r u c t u r e s  i n  
t h e s e  r e g i o n s .  
2 .4 .2 .1 .2  A t l a n t i c  s e c t o r  
The  c o n t i n e n t a l  b o u n d a r i e s  o f  t h e  Drake  P a s s a g e  and t h e  r i d g e  
sys tem of t h e  S c o t i a  Sea f o r c e  t h e  ACC t o  t h e  n o r t h  a f t e r  p a s s i n g  
t h e  Drake  P a s s a g e  ( F i g .  2 9 ) .  The n o r t h e r n  p a r t  o f  t h e  ACC t u r n s  
t o  t h e  n o r t h  e a s t  o f  t h e  T i e r r a  d e l  Fuego, f o l l o w s  t h e  e a s t  c o a s t  
o f  t h e  F a l k l a n d  I s l a n d s  and conve rges  f u r t h e r  n o r t h .  A t  45 ' s  t h e  
t r a n s p o r t  o f  t h e  F a l k l a n d  C u r r e n t  amounts t o  30 - 40 X 106 m 3 s 1  
(Zyryanov and S e v e r o v ,  1 9 7 9 ) .  A t  56 ' -57 'S ,  55OW t h e  ma in  f l o w  
a x i s  o f  t h e  ACC s p l i t s  i n  two b r a n c h e s .  The n o r t h e r n  one  f o l l o w s  
t h e  s o u t h e r n  f l a n k  o f  t h e  N o r t h  S c o t i a  R i d g e  e a s t w a r d s .  I t  
c r o s s e s  t h e  r i d g e  a t  48'-4g0W where bot tom w a t e r  from t h e  S c o t i a  
F i g u r e  29: I s o l i n e s  of  t h e  t o t a l  s t r e a m  f u n c t i o n  i n  t h e  S c o t i a  
S e a .  T h e  s c a l e  f a c t o r  f o r  t h e  t o t a l  t r a n s p o r t  i s  
1O9m3s-1 (Zyryanov e t  a l . ,  1 9 7 6 ) .  
S e a  f l o w s  i n t o  t h e  A r g e n t i n e  B a s i n  ( Z e n k ,  1 9 8 1 ) .  T h e  s o u t h e r n  
b r a n c h  s u r m o u n t s  t h e  N o r t h  S c o t i a  R i d q e  f a r t h e r  e a s t  a t  43'-44'W, 
w h e r e  it c r e a t e s  a  c y c l o n i c  c i r c u l a t i o n  i n  the  a r e a  5 2  ' -53 ' ~ / 4 3  O 
- 47OW ( G o r d o n  e t  a l . ,  1 9 7 7 b ) .  T h e  s o u t h e r n  ACC e x h i b i t s  l a r q e  
m e a n d e r s  t h r o u g h  i n t e r a c t i o n  w i t h  t h e  W e d d e l l  S e a  c i r c u l a t i o n  
( Z y r y a n o v  e t  a l . ,  1 9 7 6 ) .  T h e  i s o l i n e s  i n  F i g u r e  2 8  i n d i c a t e  a 
n e a r l y  d i v e r g e n t  f l o w  o f  t h e  ACC b e t w e e n  30Â° and  0 ' .  
2 . 4 . 2 . 1 . 3  I n d i a n  sector 
S o u t ' h  o f  A f r i c a  t h e  m a i n  f l o w  a x i s  o f  t h e  ACC c r o s s e s  t h e  
A t l a n t i c - I n d i a n  Ridqe  b e t w e e n  25OE and  t h e  P r i n c e  Edward I s l a n d s .  
F a r t h e r  n o r t h  t h e  Agulhas  C u r r e n t  t r a n s p o r t s  r e l a t i v e  warm w a t e r  
masses s o u t h w a r d s .  The s o u t h e r l y  Aqulhas  R e t u r n  C u r r e n t  c r e a t e s  a 
Z o n e  o f  e n h a n c e d  b a r o c l i n i c i t y  w h i c h  e x t e n d s  i n t o  t h e  ACC u p  t o  
t h e  M a c q u a r i e  Ridqe  ( 1 6 0 Â ° E )  The A g u l h a s  R e t u r n  C u r r e n t  c r o s s e s  
t h e  A t l a n t i c - I n d i a n  R i d q e  n o r t h  o f  t h e  C r o z e t  P l a t e a u .  Be tween  
C r o z e t  a n d  K e r g u e l e n  I s l a n d s  s e v e r a l  weak c o u n t e r  c u r r e n t s  c a n  be 
o b s e r v e d  i n  t h e  ACC, r e s u l t i n g  i n  a  n e t  e a s t w a r d  volume t r a n s p o r t  
i n  t h e  u p p e r  1 0 0 0  m o f  u p  t o  o n l y  6 x 10^ m ^ s - I  ( J a c o b s  a n d  
G e o r g i ,  1 9 7 7 ) .  A n t i c y c l o n i c  e d d i e s  w i t h  r a d i i  o f  a b o u t  100 km a n d  
a  p r o p a g a t i o n  s p e e d  o f  a b o u t  6 c m s - I  a r e  c a u s e d  b y  t h e  C r o z e t  
I s l a n d s  ( C o l t o n  a n d  C h a s e ,  1 9 8 3 ) .  C r o s s i n q  t h e  C r o z e t  a n d  
K e r g u e l e n  P l a t e a u s ,  t h e  s o u t h e r n  P a r t  o f  t h e  ACC i s  m e r i d i o n a l l y  
d e f l e c t e d  i n  a  way t h a t  a s o u t h w a r d  h e a t  t r a n s p o r t  i s  m a i n t a i n e d  
( D e a c o n ,  1 9 8 3 ) .  At  l l O O E  t h e  n o r t h e r n  p a r t  o f  t h e  ACC f e e d s  i n t o  
t h e  West A u s t r a l i a n  C u r r e n t .  
S o u t h  o f  A u s t r a l i a ,  t h e  ACC f o l l o w s  t h e  z o n a l  T n d i a n - A n t a r c t i c  
R i d g e .  Tne n o r t h e r n  p a r t  o f  t h i s  w a t e r  [nass r e c i r c u l a t e s  a n t i c y c -  
l o n i c a l l y  i n  t h e  A u s t r a l i a n  R a s i n .  A t  a b o u t  125OE p a r t s  o f  t h e  
ACC move o v e r  t h e  I n d i a n - A n t a r c t i c  R i d g e  s o u t h w a r d s  t h r o u g h  t h e  
A n t a r c t i c  O i s c o r d a n c e .  C u r r e n t  m e a s u r e m e n t s  a n d  g e o s t r o p h i c  
c o m p u t a t i o n s  i n d i c a t e  a n  i n t e n s i f i e d  f l o w  w i t h  s p e e d s  a t  t h e  sea  
s u r f a c e  o f  20 - 25 c m s l  a l o n g  t h e  n o r t h e r n  f l a n k  o f  t h e  r i d g e  
( F i g .  3 0 ) .  On t h e  c r e s t  a w e s t w a r d  b a r o t r o p i c  c u r r e n t  a p p e a r s  
"P igure  30: A b s o l u t e  q e o s t r o  h i r '  v e l o c i t i e s  i n  c m s l  and  a b s o l u t e  
t r a n s p o r k s  i n  1081n3s-~  a l o n g  1.32'E. The c i r c l e s  r e f e r  
t o  t h e  l o c a t i o n s  o f  c u r r e n t  m e t e r s  ( c a l l a h a n ,  1 9 7 1 ) .  
w i t h  S p e e d s  o f  4 - 6  cms- I .  S o u t h  o f  t h e  r i d g e  a  s e c o n d a r y  
maximum, which i s  r e l a t e d  t o  t h e  PF, i s  p r e s e n t  i n  t h e  e a s t w a r d  
f l o w  o f  t h e  ACC. Along 140Â°E t h e  c o u n t e r  c u r r e n t  r u n s  a l o n g  t h e  
s o u t h e r n  f l a n k .  McCar tney  ( 1 9 7 6 )  s u p p o s e s  t h a t  a  l a r g e  s c a l e  
c y c l o n i c  c i r c u l a t i o n  e x i s t s  o v e r  t h e  I n d i a n - A n t a r c t i c  R i d g e  
b e t w e e n  10O0E and  1 4 0 Â ° E  S m i t h  a n d  F a n d r y ' s  ( 1 9 7 8 )  model  
r e v e a l s  t h a t  t h e  p o s i t i o n  o f  t h e  w e s t  wind  maximum m a i n l y  
d e t e r m i n e s  t h e  s t r e n g t h  o f  t h e  m e r i d i o n a l  d e n s i t y  g r a d i e n t s  a t  
t h e  n o r t h e r n  f l a n k .  The  SF a n d  t h e  a s s o c i a t e d  c u r r e n t  c o r e  a r e  
s t r e n g e s t  when t h e  West wind maximum i s  s i t u a t e d  s l i g h t l y  n o r t h  
o f  t h e  c r e s t .  S e a s o n a l  m e r i d i o n a l  v a r i a t i o n s  o f  t h e  West wind 
maximum a r e  r e f l e c t e d  i n  t h e  z o n a l  c u r r e n t s .  The  v e r t i c a l  
v e l o c i t y  s h e a r  a t t a i n s  i t s  maximum a t  t h e  SF i n  t h e  model i f  t h e  
r i d g e  i s  e l e v a t e d .  Computat ions by S p i l l a n e  ( 1 9 7 8 )  r e v e a l  t h a t  
t h e  c o u n t e r  c u r r e n t  a t  t h e  s o u t h e r n  f l a n k  of  t h e  I n d i a n - A n t a r c t i c  
Ridge r e q u i r e s  a  southward component  o f  t h e  g e n e r a l l y  e a s t w a r d  
z o n a l  f low. 
F i g u r e  31: Dep th  o f  t h e  s a l i n i t y  maximum l a y e r  s o u t h w e s t  o f  New 
Zealand ( s c a l e  f a c t o r  10  m )  ( ~ o r d o n ,  1 9 7 2 ) .  
The Tasman Plateau and t h e  Macquarie Ridge d e f l e c t  t h e  ACC t o  t h e  
south  by about 1000 km. One branch of t h e  ACC flows around t h e  
southern t i p  of t h e  Macquarie Ridge, o t h e r  branches c r o s s  t h e  
r idge through gaps a t  53.5OS and 56OS (Fig.  31 ) .  The geopotent ial  
anomaly of t h e  sea  s u r f a c e  r e l a t i v e  t o  40 MPa i s  a  l i n e a r  
f u n c t i o n  of t h e  depth  of t h e  s a l i n i t y  maximum i n  t h i s  region. 
Thus, t h e  isobaths of t h e  s a l i n i t y  maximum coinci.de with s t r eam 
l i n e s  of t h e  q e o s t r o p h i c  flow. Eas t  of t h e  nor thern  gap a n t i -  
cyclonic eddies form with pe r iods  of about  1 month (Col ton  and 
Chase, 1983).  Due t o  t h e  meandering of t h e  most southerly branch, 
a  warm water  tonque i s  s i t u a t e d  over  t h e  sou the rn  Macquarie 
Ridge. A model by Boyer and Guala (1972)  g e n e r a t e s  a  l a r g e  
southward ve loc i ty  a t  t h e  western flank i n  t h i s  region.  Probably 
meso-scale eddies a l s o  develop a t  t he  southern t i p .  
The branches of t he  ACC which cross t he  Macquarie Ridge converge 
a t  t h e  sou the rn  s l o p e  of t he  Campbell Plateau and form a  s t rong  
c u r r e n t  c o r e  wi th  r e l a t i v e  g e o s t r o p h i c  v e l o c i t i e s  of up t o  
45 cms-1 ( F i g .  3 2 ) .  A t  t h e  base of t h e  s l o p e  100 m above t h e  
Boroc l in ic  geost roph 
v e i o c i t y  c m  s' 
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Lgtitude 'S 
Figure 32: Geostrophic v e l o c i t i e s  r e l a t i v e  t o  t he  deepes t  common 
l e v e l  of a  S ta t ion  pa i r  along 170Â°E The Squares r e f e r  
t o  t h e  loca t ions  of cur ren t  meters (Gordon, 1975). 
bottom, a  mean zonal ve loc i ty  of 26 cms-1 was recorded, indica- 
t i n g  a  s u r f a c e  v e l o c i t y  of 70 cms-I. The coun te r  c u r r e n t  a t  
56'-57's suggests a  cyc lonic  c i r c u l a t i o n  s o u t h  of t h e  Campbell 
P l a t e a u .  Other  cur ren t  cores of t he  ACC a r e  s i t u a t e d  a t  59 ' s  and 
a t  t he  northern flank of t h e  South P a c i f i c  Ridge near 62'-63's. 
2.4.2.1.4 Pac i f i c  sec tor  
In  t h e  Zone from 155OW t o  125OW, t h e  i s o l i n e s  i n  Fig. 28 i n d i c a t e  
an i n t e n s i f i c a t i o n  of t h e  ACC which c r o s s e s  t h e  East  P a c i f i c  
Ridqe a t  145"W and 125OW. Bottom topography causes baro t ropic  
standing Rossby waves i n  t he  ACC ea s t  of t h e  r idge i n  t he  c e n t r a l  
Sou theas t  P a c i f i c  Basin,  wi th  wave l e n q t h s  of about 1000 km 
(Gordon and Bye, 1972). In t h i s  region t h e  flow f i e l d  i s  d i v e r -  
g e n t ,  whereas it converges above t h e  eas t e rn  Southeast Pac i f i c  
Basin due t o  t he  influence of t he  A n t a r c t i c  Peninsula  and South 
America. A t  t h e  west c o a s t  of South Arnerica, the  northernrnost 
p a r t  of t h e  ACC i s  def lec ted  northwards and f i n a l l y  f e e d s  i n t o  
t h e  Humboldt Current. 
2.4.2.1.5 Drake Passage ( D P )  
The Drake Passage ( D P )  connec ts  t h e  P a c i f i c  and t h e  A t l a n t i c  
Oceans and forms s imultaneously a  broad wes tern  e n t r a n c e  i n t o  
t h e  S c o t i a  Sea. Two submarine r i d g e s  extend from South America 
(wes ter ly)  and Antarct ica ( e a s t e r l y )  i n  a  sou theas t -no r thwes t  
d i r e c t i o n  i n t o  t h e  middle of t h e  Drake Passage .  Their depths 
increase from <2000 m a t  t he  northern and southern boundar ies  t o  
>4000 m i n  t h e  c e n t r a l  DP. They d i r e c t  t he  northern and c e n t r a l  
ACC a t  2700 rn depth t o  t h e  n o r t h  and t h e  southern  p a r t  t o  t h e  
e a s t  (Bryden and Pi l l sbury ,  1977).  
Hydrographic sec t ions  from South America t o  t h e  South S h e t l a n d s  
sugges t  t h a t  t h e  ACC i s  composed of four  d i s t i n c t  water masses, 
which a re  separated by t h r e e  f r o n t s  r e a c h i n g  down t o  t h e  ocean 
bottom (Fig.  3 3 ) .  
Figure 33: Schematic  r ep re sen ta t ion  of t h e  four water mass zones 
separated by t h r e e  f r o n t s  a c r o s s  Drake Passage from 
Cape Horn t o  L i v i n g s t o n  Is land  (Nowlin and C l i f fo rd ,  
1982).  
According t o  Whitworth ( 1 9 8 0 ) ,  t h e  f o u r  w a t e r  mass zones a r e :  
- t h e  S u b a n t a r c t i c  Zone (SAZ) 
- t h e  P o l a r  F r o n t a l  Zone (PFz )  
- t h e  A n t a r c t i c  Zone ( A A Z )  and 
- t h e  C o n t i n e n t a l  Zone (CZ)  
The  t h r e e  f r o n t s  known a s  S u b a n t a r c t i c  F r o n t  ( S F ) ,  P o l a r  F r o n t  
( P F )  and C o n t i n e n t a l  Water Boundary  ( C W B )  ( S i e v e r s  and  Emery,  
1978)  a r e  r e f e r r e d  t o  a s  c u r r e n t  c o r e s ,  which may b e  permanent i n  
t h e  DP, w i t h  a  maximum g e o s t r o p h i c  v e l o c i t y  r e l a t i v  t o  25 MPa o f  
25-30 cms-I (Nowlin e t  a l . ,  1977)  The speed  r e d u c e s  i n  t h e  w a t e r  
mass  z o n e s  t o  l e s s  t h a n  5  cms-l.  The f r o n t s  v a r y  g e o g r a p h i c a l l y  
i n  t i m e  by n e a r l y  two hundred  k i l o m e t e r s .  They meander w i t h  p h a s e  
v e l o c i t i e s  o f  10-15  c m s - ^  a n d  c r e a t e  e d d i e s  w i t h  d i a m e t e r s  o f  
60-80 km which m i g r a t e  t o  t h e  n o r t h  (Sciremammano e t  a l . ,  1 9 8 0 ) .  
Measu remen t s  a t  d e p t h s  2500 m i n d i c a t e  t h a t  t h e  c u r r e n t s  v a r y  
w i t h  p e r i o d s  of  abou t  two weeks and w i t h  s p a t i a l  s c a l e s  o f  l e s s  
t h a n  8 0  km. The  mean f l o w  v e l o c i t y  r a n g e s  from 7 .6  c m s 1 ( e a s t -  
wa rds )  t o  2 .9  cms""^- (wes twards) ,  w i t h  v e c t o r  a v e r a g e  of  1 .56  c m s l  
t o  t h e  e a s t  (Bryden and P i l l s b u r y ,  1 9 7 7 ) .  These  f l u c t u a t i o n s  may 
r e s u l t  f r o m  a l t e r a t i o n s  o f  t h e  a t m o s p h e r i c  s u r f a c e  winds which 
have  p e r i o d s  between 2 and 1 4  days  (Baker  e t  a l . ,  1 9 7 7 ) .  
Most o f  t h e  ACC b a r o c l i n i c  t r a n s p o r t  ( 7 5  % )  i s  p r i m a r i l y  a s s o c i a -  
t e d  w i th  t h e  SF and PF and t o  a  l e s s e r  e x t e n d  w i t h  t h e  CWB. T h i s  
f a c t  i s  n o t e w o r t h y  s i n c e  t h e  f r o n t s  cove r  o n l y  19  % of  t h e  Drake 
Passage  ( ~ o w l i n  and C l i f f o r d ,  1 9 8 2 ) .  
C u r r e n t  m e t e r s  d e p l o y e d  f o r  o n e  y e a r  d u r i n g  DRAKE 79 (Dynamic 
Response  and  K i n e m a t i c s  E x p e r i m e n t )  r e v e a l  a n  e a s t w a r d  n e t  
t r a n s p o r t  i n  t h e  upper  2500 m o f  121  X 106 m 3 s 1 .  Hence t h e  t o t a l  
t r a n s p o r t  t h r o u g h  t h e  e n t i r e  c r o s s - s e c t i o n a l  a r e a  o f  DP p r o b a b l y  
h a s  a  r ange  o f  118 t o  146 X 106 m3s-L (Whi twor th ,  1 9 8 3 ) .  
U s i n g  t h e  FDRAKE 75 d a t a  Bryden  a n d  P i l l s b u r y  ( 1 9 7 7 )  h a v e  
c a l c u l a t e d  a  t o t a l  t r a n s p o r t  o f  1 3 9 x l 0 ~ m 3 s - l ,  w h i l s t  Fandry and 
P i l l s b u r y  ( 1 9 7 9 )  a r r i v e  a t  a  v a l u e  o f  1 2 7 x l 0 ~ m ~ s " ~ .  Both  
c a l c u l a t i o n s  i n c l u d e  a  b a r o c l i n i c  t r a n s p o r t  o f  l 0 0 x 1 0 ~ m ~ s " ' ~  found 
by Nowlin e t  a l .  ( 1 9 7 7 ) .  The t o t a l  t r a n s p o r t  v a r i e s  f r o m  28 t o  
290  X 10^m3s""^-  w i t h i n  t h e  35 weeks  e s t i m a t e .  T h e s e  t e m p o r a l  
changes may n o t  f u l l y  c o v e r  t h e  t o t a l  t r a n s p o r t  s i n c e  t h e  mooring 
Separation of about 80 km is rather large (Sciremammano et al., 
1980). Gordon (1983) states that the net transport through the DP 
may in fact be quite steady. Whitworth (1980) compares the 
baroclinic transport relative to 25 MPa of summer and winter 
data and finds an insignificant differente of only 10 % .  
Gill and Bryan (1971) show with the aid of a baroclinic model, 
that the ACC transport through DP is increased by submarine 
ridges. They also demonstrate that the displacement of the 
current to the north in the southwest Atlantic is mainly caused 
by continental boundaries. At the southern continental rise, a 
westward flow develops so that two different cells are separated 
at latitude 60's. 
A quasi-geostrophic wind-forced two-layer model of McWilliams et 
al. (1978) generates baroclinic mesoscale eddies with diameters 
of up to 200 kilometers as well as meanders with wave lenqths 
from 400 to 800 kilometers. The bottom topography prescribed in 
this model produces a stationary cyclonic gyre south of the main 
flow axis. Considerable amounts of momentum are transferred from 
the mean zonal flow to smaller scales of motion by friction 
forces in both of the boundary layers. 
2.4.2.2 East Wind Drift (EWD) 
The westward flow along the Antarctic continental slope is called 
the EWD. It is basically driven by easterly winds which prevail 
south of 65's (Gordon, 1974). Observations of Tchernia and 
Jeannin (1980) Support the assumption that the EWD is composed of 
the southern part of 3 to 4 individual gyres enclosing the 
Antarctic continent rather than a continuous flow. 
With the aid of satellite tracked icebergs one may conclude that 
the EWD has a mean velocity of 5-10 c m s l .  Maximum values of 
25-50cms-1 have been measured off the coast of Wilkes Land 
(Gordon, 1974). Time variability of the flow is difficult to 
record because the movements of icebergs can be disturbed by the 
presence of sea ice, ice shelves, local winds, and bottom 
topography On the track line. 
2.4.2.3 Antarctic Divergente (AAD) 
The position of the AAD corresponds with the location of the 
atmospheric low pressure belt at 65OS which separates the 
southerly east winds from the northerly West winds. The Ekman 
transports driven by these wind systems cause and maintain the 
AAD. It forms nearly a complete circle which is broken only in 
the western Weddell Sea caused by the Antarctic Peninsula 
(Fig.34). 
F i g u r e  34: P o s i t i o n  of  t h e  A n t a r c t i c  Divergence  (dashed  l i n e )  and 
t h e  A n t a r c t i c  Convergence ( s o l i d  l i n e )  a round Antarc-  
t i c a  ( a f t e r  Deacon, 1 9 8 2 ) .  
Gordon a n d  T a y l o r  (1975b)  c a l c u l a t e ,  from a n n u a l  wind d a t a ,  mean 
v e r t i c a l  w a t e r  v e l o c i t i e s  a t  t h e  b o t t o m  o f  t h e  Ekrnan l a y e r  o f  
l ~ x l ~ - ~ c m s - ~  f o r  t h e  a r e a  b e t w e e n  20Â°W-155O a n d  58O-63"s and 
1 7 x l 0 - ~ c r n s - ~  f o r  t h e  a r e a  between 160Â°E-25O and 63'-68's. 
D u r i n g  summer, t w o  divergentes e x i s t  i n  t h e  ~ t l a n t i c - I n d i a n  
s e c t o r ;  t h e  AAD a t  a b o u t  65 OS and t h e  Bouvet  Diverqence  ( B D )  a t  
abou t  55 's  (Koopmann, 1 9 5 3 ) .  The BD e x t e n d s  frorn 20Â° t 0  30Â°E I t  
f o r m s  a  t r a n s i t i o n  Zone o f  Weddell Sea  Deep Water  and S o u t h e a s t  
P a c i f i c  Deep Water  ( ~ o r d o n ,  1 9 6 7 ) .  However, t h e  f o r c i n g  mechanism 
o f  t h i s  d i v e r q e n c e  i s  n o t  c l e a r l y  s p e c i f i e d .  
3. The Weddell Sea 
3.1 Bottom topography 
The Weddell Sea cove r s  t h e  southerly p a r t  of t h e  Southern Ocean 
i n  t h e  A t l a n t i c  s e c t o r .  I t  i s  bounded t o  t h e  south by t h e  
A n t a r c t i c  cont inent ,  t o  the west by t h e  Antarc t ic  Peninsula ( ca .  
6 0 ' ~ )  and t o  t h e  no r th  by t h e  South S c o t i a  Ridge ( 6 0 ' s ) .  No 
s i g n i f i c a n t  na tu ra l  boundary e x i s t s  on t h e  eas te rn  s ide  ( see  Fig. 
1 ) .  Carmack and Foster  (1977) have a r t i f i c a l l y  chosen a  s t r a i g h t  
l i n e  from t h e  South Sandwich I s l a n d s  (26OW) t o  Cape Norvegia 
( 1 2 O W )  a s  t he  eas te rn  boundary. Since t h e  Weddell Gyre ex tends  
much f u r t h e r  t o  t h e  e a s t ,  t h e  above d e f i n e d  a r e a  may be con- 
s idered as  t he  minimal extension of t h e  Weddell Sea. Using these  
l i m i t s ,  it covers about 2 , 3 x l 0 ~ k m ~ ,  which i s  approximately equal 
t o  t he  Mediterranean Sea. With a  mean dep th  of about  4400 m t h e  
volume of t h e  Weddell Sea amounting t o  7.6 X 106 km3 represents  
about 0.5 % of t h e  water volume of t he  World Ocean. 
The South S c o t i a  Ridge has  s i l l  dep ths  of 3000 m and the re fo re  
t he  exchange of water masses between t h e  Weddell and S c o t i a  Seas 
i s  poss ib le .  
The c o n t i n e n t a l  s h e l f  r eg ion  occup ie s  one-quarter of t h e  a rea  
but  forms only 4 % of t h e  volume of t h e  Weddell Sea.  The 600 m- 
i s o b a t h  i s  g e n e r a l l y  de f ined  a s  t h e  s h e l f  edge. This r u l e  i s  
broken only on t h e  eas te rn  s ide  of f  Dronning Maud Land where t h e  
400 m isobath i s  chosen instead (Johnson e t  a l . ,  1981).  The width 
of t h e  she l f  increases  from about  90 k i l o m e t e r s  i n  t h e  e a s t  t o  
about  500 k i l o m e t e r s  o f f  t h e  Fi lchner-Ronne I c e  S h e l f .  The 
gent ly s loping  s h e l f  a r e a  i s  c u t  by a  t r o u g h ,  c a l l e d  F i l c h n e r  
Depression, which extends from 82OS, 73OW about 600 km northeast-  
wards (Behrendt, 1962).  I t  ha s  a  s i l l  dep th  of about 700 m a t  
t h e  she l f  break and deepens t o  1200 m a t  t h e  edge of the  Fi lchner  
I c e  S h e l f .  I t  i s  s p e c u l a t e d  t h a t  t h e  t rough  was formed by a  
grounded g l a c i e r  a t  t h e  end of t h e  Pleis tocene.  Information about 
t h e  western she l f  along the  Antarc t ic  Pen insu la  i s  meagre s i n c e  
heavy s e a  i c e  p r e v e n t s  sh ipborne  measurements i n  t h i s  r e g i o n  
throughout t h e  year .  
The c o n t i n e n t a l  s lope eas t  of 25OW i s  r e l a t i v e l y  s teep (approx. 
9 ' )  whereas t he  broad she l f  f u r t h e r  t o  t h e  West has  a  s l o p e  of  
l e s s  than 3'. 
3.2 Marine atmosphere 
3.2.1 Surface hea t  budqet i n  t h e  pack i c e  Zone 
The a i r - sea  hea t  exchange i n  t he  Weddell Sea depends s t r o n g l y  on 
t h e  coverage and t h e  thickness  of sea i c e .  Due t o  t h e  high albedo 
of i c e  and Snow sur faces ,  s o l a r  hea t ing  of t h e  ocean i s  small i n  
pack i c e  reqions.  But t he  sea i c e  a l s o  reduces hea t  losses  of t h e  
water  column by long wave r a d i a t i o n  and i n t e r a c t i o n  wi th  t h e  
atmosphere.  On t h e  ave rage ,  t h e  a l b e d o  of t h e  inner  pack i c e  
Zone ( i c e  concent ra t ion>85 % )  amounts t o  75 % ,  and of t h e  o u t e r  
pack i c e  Zone ( i c e  concent ra t ion  between 15 % and 85 % )  t o  54 % 
(Weller, 1981) .  In  p a r t i c u l a r  it i s  a  f u n c t i o n  of i c e  concen- 
t r a t i o n ,  i c e  composition and Snow Cover. 
The albedo may vary from 20 % f o r  pancake i c e  t o  95 % f o r  t h e  i c e  
s h e l v e s  (Babarykin e t  a l . ,  1964) .  The maximum r a d i a t i v e  h e a t  l o s s  
of t h e  ocean dur ing t h e  w i n t e r  s e a s o n  o c c u r s  i n  t h e  Open w a t e r  
a d j a c e n t  t o  t h e  i c e  edge which m i g r a t e s  i n  autumn from t h e  
A n t a r c t i c  coas t  northwards t o  a  l a t i t u d e  a t  about 55"s  (Schwerdt- 
f e g e r ,  1970) .  The energy of t h e  s o l a r  r a d i a t i o n  dur ing  t h e  surnmer 
p e r i o d  i s  mainly used t o  melt t h e  s e a  i c e .  Only a  s m a l l  p o r t i o n  
i s  accumulated i n  t h e  water column d i r e c t l y .  
The s e n s i b l e  h e a t  f l u x  from t h e  ocean  t o  t h e  a tmosphere  i s  
g e n e r a l l y  s t r o n g  i n  l e a d s  and polynyas where it a t t a i n s  maximum 
v a l u e s  of more t h a n  700 ~ m ' ^  i n  w i n t e r  (Gube-~enhardt  and Hoeber, 
1985) .  Here t h e  l a t e n t  h e a t  f l u x  can a l s o  b e  c o n s i d e r a b l y  h i g h .  
Th is  happens f r e q u e n t l y  a t  t h e  e a s t  c o a s t  of t h e  Weddell Sea when 
co ld  and dry c o n t i n e n t a l  a i r  flows a c r o s s  c o a s t a l  p o l y n y a s .  The 
l a t e n t  h e a t  f l u x e s  t h e r e  may exceed  100 ~ m " ^ .  T h i s  h e a t  l o s s  
compensates f o r  t h e  summer r a d i a t i v e  h e a t i n g  s o  t h a t  t h e  s e a  
s u r f a c e  t e m p e r a t u r e  i n  p o l y n y a s  s t a y s  n e a r  f r e e z i n g  p o i n t  
(-1.92OC t o  -2.10Â°C (Ledenev, 1 9 6 4 ) .  A t h i n  i c e  c o v e r  a l r e a d y  
r e d u c e s  t h e  s e n s i b l e  and l a t e n t  h e a t  f l u x e s  d r a s t i c a l l y .  Maykut 
(1978) p o i n t s  ou t  t h a t  an i c e  cover of 5 cm t h i c k n e s s  reduces t h e  
s e n s i b l e  h e a t  f l u x  by 40 % and t h e  l a t e n t  h e a t  f l u x  by 70 %. 
Measurements of W e l l e r  (1968 ,  1 9 8 1 )  and A l l i s o n  e t  a l .  ( 1 9 8 2 )  
near  Mawson (67 '34 ' s  62'53'E) Support t h e  fol lowing scheme: 
s h o r t  W. lonf :  W. h e a t  l a t  . sens .  
r a d .  rad . conduc. h e a t  f l .  h e a t  fl. 
h e a t  s t o r a g e  : 8 i c e  
^ I 
water  
F igure  35: The h e a t  b a l a n c e  a t  t h e  upper  and lower  s e a  i c e  
b o u n d a r i e s  a v e r a g e d  from 1 J u l y  t o  15 November near 
Mawson. Uni t s  i n  Wm-2 ( a f t e r  Wel ler ,  1968) .  
From mid summer t o  March the  ocean ga ins  h e a t  by n e t  r a d i a t i o n  
(maximum values >200 and sens ib le  h e a t  f luxes .  During March 
the  d i r ec t ion  of t he  net r ad i a t ive  and hea t  f luxes r e v e r s e s  and 
i n  A p r i l  t h e  ocean ic  h e a t  l o s s  may reach a s  high as  200 w m 2 .  
This value drops remarkably when i c e  formation s t a r t s .  AS soon as  
t h e  i c e  Cover i s  about  2 0  cm th i ck ,  t h e  oceanic hea t  loss  drops 
below 75 Wm"^. From May t o  J u l y  t h e  h e a t  t r a n s f e r  a c r o s s  t h e  
ocean s u r f a c e  remains near ly  constant a t  50 Wm2, while t h e  i ce  
thickness increases  t o  1.8 m. In  mid-winter t h e  c o a s t a l  pack i c e  
Zone s t i l l  l o s e s  energy of 56 wrn-^, which i s  twice as much as  
i n l and  on t h e  A n t a r c t i c  c o n t i n e n t .  With i n c r e a s i n g  s o l a r  
rad ia t ion ,  melting of i c e  s t a r t s  i n  October again. 
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Table 5: Seasonal v a r i a t i o n s  of s u r f a c e  h e a t  budget components 






global  r ad i a t ion  absorbed by t h e  ocean 
net  long wave r ad ia t ion  
sens ib l e  hea t  f lux  
l a t e n t  hea t  f lux  
Qs-QB-LE-H: net  hea t  f l ux  between an ice-free ocean 
and t h e  atmosphere 
ne t  hea t  f lux  between an ice-covered ocean and the  
atmosphere 
QIA/QWA 
r a t i o  of t h e  i ce -cove red  a r e a  t o  t h e  
t o t a l  area (from NAVY-NOAA i c e  c h a r t s )  
ne t  h e a t  f lux  fo r  a  r e a l i s t i c  sea  i c e  extent  
(Gordon, 1981).  
S i n c e  n e i t h e r  t h e  a tmosphe r i c  f l ow ,  no r  t h e  i c e  c o v e r a g e  o f  t h e  
p a c k  i c e  Zone a r e  known w e l l  enough, h e a t  budget  e s t i m a t e s  f o r  
t h e  e n t i r e  pack i c e  r e g i o n  a r e  q u i t e  u n c e r t a i n .  N e v e r t h e l e s s ,  
t h e  r e s u l t s  o f  Gordon (1981)  and Sasamori  e t  a l .  ( 1 9 7 2 ) ,  p r e s e n -  
t e d  i n  Tab le  5 ,  and  t h e  v a l u e s  o b t a i n e d  a t  Mawson S t a t i o n  i n  
F i g u r e  35 p r o v i d e  some i n f o r m a t i o n s .  According t o  t h e  t a b u l a t e d  
v a l u e s ,  t h e  l ong  wave e m i s s i o n  exceeds  t h e  s h o r t  wave a b s o r p t i o n  
from A p r i l  t o  J u l y .  S e n s i b l e  and l a t e n t  h e a t  f l u x e s  a r e  g e n e r a l l y  
d i r e c t e d  f r o m  t h e  o c e a n  t o  t h e  a t m o s p h e r e ,  i n c r e a s i n g  f r o m  
summer t o  w i n t e r  t i m e .  A n e t  warming o f  t h e  ocean o c c u r s  from 
November t o  February .  The a n n u a l  o s c i l l a t i o n  of  t h e  a i r - s e a  h e a t  
e x c h a n g e  i s  damped by  t h e  s e a  i c e .  Because of  t h e  g l a c i o l o g i c a l  
annua l  c y c l e ,  t h e  mean h e a t  l o s s  i n  w i n t e r  ( J u n e  t o  S e p t e m b e r )  
a m o u n t s  t o  6 4  ~ m ' " ~  and t h e  mean h e a t  g a i n  i n  summer (December t o  
~ a r c h )  t o  1 9  wmm2. Leads and po lynyas  i n  t h e  pack i c e  Zone which 
form a b o u t  30 % of  t h e  t o t a l  a r e a ,  a r e  o f  p a r t i c u l a r  i m p o r t a n c e  
f o r  t h e  o c e a n i c  h e a t  l o s s  i n  w i n t e r .  They c o n t r i b u t e  abou t  44 % 
t o  t h e  mean a n n u a l  h e a t  l o s s  o f  t h e  o c e a n  t o  t h e  a t m o s p h e r e  
(Ackley ,  1981 a ) .  
3 .2.2.  A i r  t e m p e r a t u r e  a t  t h e  lower  boundary o f  t h e  a tmosphe re  
The a i r  t e m p e r a t u r e  of  t h e  W e d d e l l  S e a  r e g i o n  i s  c o n t r o l l e d  b y  
t h e  n o r t h w a r d  t r a n s p o r t  o f  s e a  i c e  and  c o l d  w a t e r  a l o n g  t h e  
A n t a r c t i c  P e n i n s u l a .  T h i s  c o o l i n g  e f f e c t  r e s u l t s  i n  a n e g a t i v e  
s u r f a c e  l a y e r  t e m p e r a t u r e  anoma ly  e x t e n d i n g  from t h e  A n t a r c t i c  
P e n i n s u l a  t o  t h e  S o u t h  I n d i a n  Ocean ( F i q .  3 6 ,  T a b l e  6 ) .  The  
a n n u a l l y  a v e r a g e d  s u r f a c e  a i r  t e m p e r a t u r e  i n  t h e  W e d d e l l  S e a  
F i g u r e  36: Z o n a l  d i s t r i b u t i o n s  o f  t h e  a n n u a l  a v e r a g e d  a i r  
t e m p e r a t u r e  a t  t h e  s e a  s u r f a c e  a l o n g  5 0 ' s  and  6 0 ' s  
( S c h w e r d t f e g e r ,  1 9 7 9 ) .  
d e c r e a s e s  southwards  from -4.3OC ( o r c a d a s )  t o  -22.2'C ( ~ e l g r a n o )  
( S c h w e r d t f e g e r ,  1 9 7 5 )  . The  m o n t h l y  mean t e m p e r a t u r e s  amount t o  
-lOÂ° and +lÂ° a t  t h e  South  Orkney I s l a n d s  and t o  -30Â° a n d  -8'C 
a t  t h e  F i l c h n e r  I c e  S h e l f  f o r  J u l y  and  J a n u a r y ,  r e s p e c t i v e l y  
(Schwerd t f ege r ,  1 9 7 0 ) .  
Tab le  6: Zonal d i s t r i b u t i o n s  of  t h e  annual  ave raged  a i r  t e m p e r a -  
t u r e  a t  t h e  s e a  s u r f a c e  a long  60Â° and 6 5 ' s  (Schwerdt-  
f e g e r ,  1 9 7 5 ) .  
D r i f t e r s  o n  t h e  p a c k  i c e  o f  t h e  w e s t e r n  Weddell  Sea  have  i n d i -  
c a t e d  t e m p e r a t u r e  f l u c t u a t i o n s  w i t h  a  c h a r a c t e r i s t i c  p e r i o d  o f  2 
weeks  wh ich  a r e  o b v i o u s l y  c a u s e d  b y  l a r g e  s c a l e  a t m o s p h e r i c  
d i s t u r b a n c e s .  Compared t o  o t h e r  r e q i o n s  of  t h e  A n t a r c t i c  pack i c e  
Zone ,  t h e  W e d d e l l  S e a  e x h i b i t s  t h e  l a r q e s t  i n t e r a n n u a l  s e a  i c e  
and s u r f a c e  a i r  t e m p e r a t u r e  v a r i a t i o n s  ( S t r e t e n  and P i k e ,  1 9 8 0 ) .  
T h e s e  f e a t u r e s  may h a v e  c e r t a i n  i m p a c t s  o n  t he  y e a r  t o  y e a r  
changes  of  l a r g e  s c a l e  g l o b a l  c i r c u l a t i o n .  
3 .2 .3  A n t a r c t i c  p r e s s u r e  t r o u g h  
T h e  a x i s  o f  t h e  A n t a r c t i c  p r e s s u r e  t r o u g h  o v e r  t h e  Weddell Sea 
h a s  i t s  most s o u t h e r l y  p o s i t i o n  on t h e  w e s t e r n  s i d e .  A s t a t i o n a r y  
low p r e s s u r e  c e n t r e  e x i s t s  a t  62 ' s  20Â° and sometimes a  secondary  
low l i e s  a t  66 ' s  20Â° ( S c h w e r d t f e g e r ,  1970)  
I n  summer and  a u t u m n ,  c y c l o n e s  o c c u r  o v e r  t h e  Weddell Sea w i t h  
an  ave rage  p e r i o d  o f  20 d a y s  ( A c k l e y ,  1 9 8 1  b ) .  The  m a j o r i t y  o f  
t h e  c y c l o n e s  c r e a t e d  i n  t h e  wes t  wind Zone a r e  d e f l e c t e d  no r th -  
wards by t h e  A n t a r c t i c  P e n i n s u l a  s o  t h a t  t h e y  c i r c u m n a v i g a t e  t h e  
Weddell Sea  ( T a l j a a r d ,  1 9 7 2 ) .  
3 .2.4 West and e a s t  wind zones  
The zona l  d i s t r i b u t i o n  o f  t h e  m e r i d i o n a l  p r e s s u r e  q r a d i e n t  a t  t h e  
s e a  s u r f a c e  b e t w e e n  4 0 " s  and  6 0 ' s  ( ~ i g .  9 )  e x h i b i t s  a  l o c a l  
minimum a t  t h e  A n t a r c t i c  P e n i n s u l a .  E a s t w a r d s  u p  t o  10Â° t h e  
s t r e n g t h  o f  t h e  w e s t  w ind  i n c r e a s e s  o n  a  s e a s o n a l  a v e r a q e  by  
10-30 % ( S t r e t e n ,  1 9 8 0 ) .  
West winds a r e  dominant  n o r t h  o f  a b o u t  6 5 ' s .  Between 6 5 ' s  a n d  
7 0 Â ° S  b o t h  w e s t  a n d  e a s t  w i n d s  a r e  o b s e r v e d ,  w h i l e  s o u t h  o f  
abou t  70Â°S e a s t  winds p r e v a i l  ( S c h w e r d t f e g e r ,  1 9 7 5 ) .  T a b l e  7  
p o r t r a y s  t h e  m o n t h l y  a v e r a g e d  z o n a l  g e o s t r o p h i c  wind o v e r  t h e  
Weddell Sea .  
T a b l e  7 :  M o n t h l y  a v e r a g e d  z o n a l  g e o s t r o p h i c  wind f i e l d  above t h e  
W e d d e l l  S e a  i n  m s l ,  p o s i t i v e  f o r  w e s t  winds ( J e n n e  e t  
a l . ,  1 9 7 1 ) .  
--- 
Januar~ 2 0 ' ~  
3 0 ' ~  
4 0 ' ~  
5 0 ' ~  
A p r i l  2 0 ' ~  
3 0 ' ~  
4 0 ' ~  




5 0 ' ~  
The  m o u n t a i n  b a r r i e r  o f  t h e  A n t a r c t i c  P e n i n s u l a  c a u s e s  a  s o u t h  
wind which t r a n s p o r t s  c o l d  c o n t i n e n t a l  a i r  o f  -20' t o  -30Â° a l o n q  
t h e  A n t a r c t i c  P e n i n s u l a  i n t o  t h e  w e s t  wind Zone (Schwerd t f ege r ,  
1 9 7 5 ) .  I t s  s t r e n g t h  depends on  t h e  z o n a l  t e m p e r a t u r e  g r a d i e n t ,  
w h i c h  i n  t h i s  p a r t  o f  A n t a r c t i c a  a m o u n t s  t o  2-4OC p e r  1 0 0  km 
(Ackley ,  1981 b )  . 
60's 65's 70's 75% 
--- 
3. 6  -0. 1 -3. 2  -4, 8  
3 .0  -0. 1 -2. 5  -4. 1  
2 .3  0 .  0  -1. 6  -2.9 
2 . 2  -0 .1  - 1 . 3  -1.9 
P- 
6 . 6  0 . 1  -4.9 -5 .5  
6 . 7  1 . 6  -3 .2  -5.1 
6 . 1  2 . 7  -1.5 -4 .3  
5 . 6  3 . 1  -0 .5  -3 .3  
6.4 1 . 7  -3.2 -5 .4  
5 .5  2 . 7  -1 .2  -4 .5  
4 . 4  2.8 0 . 1  -3 .3  
3 . 5  2 . 2  0 . 4  -2 .2  
The  a n n u a l  mean wind  s p e e d  r a n g e s  u p  t o  a b o u t  14  m s - I  
(Schwerd t f ege r  1 9 7 9 ) .  D r i f t e r  measurements  on t h e  w e s t e r n  Weddell 
S e a  p a c k  i c e  d i s p l a y  t e m p e r a t u r e  f l u c t u a t i o n s  o f  10-l5'C w i t h  
p e r i o d s  o f  2-3 days  caused  by o u t b r e a k s  o f  c o l d  c o n t i n e n t a l  a i r  
f r o m  t h e  s o u t h  ( A c k l e y ,  1981 b ) .  From Februa ry  t o  May, when t h e  
b a r r i e r  winds a r e  s t r e n g e s t ,  t h e  s e a  i c e  f r e q u e n t l y  p i l e s  up  t o  
f o r m  l a r g e  r i d g e s  i n  t h e  n o r t h w e s t e r n  W e d d e l l  Sea  (Schwerdt-  
f e g e r ,  1 9 7 9 ) .  
The e a s t  wind Zone over t h e  southern Weddell Sea i s  i n f l u e n c e d  
by k a t a b a t i c  winds r e a c h i n q  some 10 km of f  t h e  c o a s t .  They a r e  
s t r o n g  enouqh t o  c r e a t e  and m a i n t a i n  c o a s t a l  p o l y n y a s ,  e v e n  i n  
w i n t e r  . The low a i r  t empera tu re ,  which sometimes reaches  -40Â°C 
s imul taneously  favours s e a  i c e  product ion (Ledenev,1964: W e l l e r ,  
1 9 8 1 ) .  The newly-formed i c e  i s  advec ted  o f f  t h e  c o a s t  by t h e s e  
s u r f a c e  winds. 
3.2.5 P r e c i p i t a t i o n  
P r e c i p i t a t i o n  decreases  from about 400 m a - l  a t  t h e  South Orkney 
I s l a n d s  t o  l e s s  than  200 rnrna-I a t  t h e  A n t a r c t i c  c o a s t  ( S t r e t e n ,  
1 9 7 7 ) .  Newton ( 1 9 7 2 )  e s t i m a t e s  a 270 mmal d i f f e r e n c e  between 
p r e c i p i t a t i o n  and evapora t ion  f o r  t h e  zonal b e l t  between 60's  and 
7 0 ' s .  I f  t h e  m e l t i n q  o f  i c e b e r g s  i s  i n c l u d e d ,  t h e  f r e s h  water 
g a i n  o f  t h i s  r e g i o n  amounts t o  about 400 mma-l (Gordon, 1981) .  
P i o l a  and Georgi (1981) determined t h e  f r e s h  water source  of t h e  
S c o t i a  Sea n e a r  t h e  PF a t  276*190 mm p e r  6 months, which i s  i n  
rough agreement with t h e  above value .  
3.3 Glac io log ica l  a s p e c t s  
3.3.1 Sea i c e  
Large  P a r t s  o f  t h e  Weddell  Sea a r e  permanently covered wi th  s e a  
i c e . T h e  l a t t e r  r e a c h e s  i t s  maximum e x t e n t  of 4.36 10^km2 i n  
Augus t ,  and t h e  minimum coverage of 1.14 lo6km^ i s  observed i n  
February (Ropelewski, 1983) .  Compared t o  o t h e r  A n t a r c t i c  r e g i o n s  
t h e  Weddell  Sea  shows t h e  l a r g e s t  a n n u a l  s e a  i c e  v a r i a t i o n  a s  
demonstrated on F i g . 3 7 .  The l a r g e  a m p l i t u d e  of t h i s  s i g n a l  i s  
m a i n l y  a t t r i b u t e d  t o  dynamic ,  r a t h e r  t h a n  t o  thermodynamic 
e f f e c t s  (Hib le r  and Ackley, 1983) .  
Figure  37: Annual v a r i a t i o n s  o f  t h e  s e a  i c e  e x t e n t  between 60Â° 
and 20Â° f o r  a r e a s  wi th  d i f f e r e n t  i c e  c o n c e n t r a t i o n s  
(Ackley, 1981 a ) .  
I n  t h e  Weddell Sea t h e  pack i c e  e d g e  o c c u p i e s  i t s  n o r t h e r n m o s t  
p o s i t i o n  a t  t h e  S o u t h  Sandwich I s l a n d s  (56 ' s  2 6 O ~ )  i n  September 
(Fiq. 3 8 ) .  The s e a  ice r e t r e a t  b e g i n s  i n  l a t e  S e p t e m b e r  a n d  i s  
a c c e l l e r a t e d  i n  November. During s p r i n g  and summer t h e  i c e - f r e e  
F i q u r e  38: Mon th ly  a v e r a g e d  p o s i t i o n s  of t h e  p a c k  i c e  e d g e  
between 1973 and 1979 (Deu t .  Hydrogr.  I n s t . ,  1981) .  
r e q i o n  expands a l o n g  t h e  c o a s t  of C o a t s  Land and somet imes  e v e n  
t o  t h e  F i l c h n e r - R o n n e  I c e  S h e l f .  A t o n g u e  o f  r e l a t i v e  h i g h  i c e  
c o n c e n t r a t i o n  from t h e  t i p  o Â  t h e  A n t a r c t i c  P e n i n s u l a  t o  a b o u t  
20Â° i s  p r e s e r v e d  by an  eas tward  t r a n s p o r t  o f  t h e  pack i c e  i n  
the northern part of the Weddell Gyre. Due to the barrier effect 
of the Antarctic Peninsula to the oceanic circulation and the 
northward flow of continental air, an area of about 8 X lo5km2 in 
the western Weddell Sea is covered by sea ice throughout the 
year. Occasionally the whole area west of 25OW stays covered with 
ice. Durinq cold air outflow conditions sea ice can also be 
formed in Summer at the Filchner Ice Shelf edge (Foster, 1972b). 
Fiqure 39: Annual variations of the pack ice edge alonq 40Â°W 
20Â°W 1O0E and 30Â° from satellite data, Jan. 1973 to 
July 1974 (Ackley, 1979). 
The eastward advection of sea ice by the Weddell Gyre causes a 
considerable phase shift of the annual meridional migration of 
the pack ice between the western and eastern Weddell Sea (Fig. 
39). At about 30Â° the maximum sea ice extent is reached in ~uly/ 
August, at 10Â° it appears in ~eptember/~ctober, and at 30Â° the 
ice edge occupies its northernmost position in December. 
The strong kinematic forcing is an important contribution to 
annual and interannual fluctuations of the sea ice extent in the 
Weddell Sea region predominantly between 20Â° and 40Â° (streten 
and Pike, 1980). 
According t o  s h i p  and i c e b e r g  d r i f t  o b s e r v a t i o n s ,  s e a  i c e  m o t i o n  
a l o n g  t h e  A n t a r c t i c  P e n i n s u l a  amounts t o  abou t  4 .5  on an  
a n n u a l  a v e r a g e ,  w i t h  a  rnaximum o f  a b o u t  8  cms-^- d u r i n g  t h e  
w i n t e r  months (Brennecke,  1 9 2 1 ) .  Thus, t h e  m i g r a t i o n  o f  s e a  i c e  
from t h e  s o u t h w e s t e r n  s h e l f  t o  t h e  t i p  of  t h e  A n t a r c t i c  P e n i n s u l a  
l a s t s  more t h a n  o n e  y e a r .  S a t e l l i t e - t r a c k e d  buoys  d r o p p e d  a t  
7 0 ~ - 7 5 ~ ~ / 5 0 ~ - 6 0  "W r e v e a l  n o r t h e a s t w a r d  v e l o c i t i e s  from 2  t o  12 
cms-I  d u r i n g  Summer and  au tumn .  The l a r g e r  v a l u e s  h a v e  b e e n  
obse rved  i n  autumn, when s t r o n g  s o u t h e r l y  w i n d s  p r e v a i l  a l o n g  
t h e  A n t a r c t i c  P e n i n s u l a .  Westward m i g r a t i n g  c y c l o n e s  f r e q u e n t l y  
c a u s e  s h o r t - t i m e  c o n v e r g e n c e s  a n d  d i v e r g e n c e s  i n  t h e  p a c k  i c e  
f i e l d  o f  t h e  w e s t e r n  Weddell Sea .  
The t h i c k n e s s  o f  s e a  i c e  i n c r e a s e s  from 1 m f o r  f i r s t - y e a r  t o  3 m 
f o r  m u l t i - y e a r  i c e .  C o n s e q u e n t l y ,  1 t o  1 . 5  m i c e  t h i c k n e s s  
dominates  i n  t h e  e a s t e r n  W e d d e l l  S e a ,  w h i l s t  it m e a s u r e s  more  
t h a n  3  m a t  t h e  t i p  of t h e  A n t a r c t i c  P e n i n s u l a .  These mean v a l u e s  
a r e  l o c a l l y  exceeded  by p r e s s u r e  r i d g e s  which may amount t o  10  m. 
The  compac t  sea i c e  Cover a l o n g  t h e  A n t a r c t i c  P e n i n s u l a  p r e v e n t s  
t h e  s u r f a c e  w a t e r  from s o l a r  h e a t i n g  i n  summer. Summer m e l t i n g  o f  
t h e  u n d e r w a t e r  p a r t  o f  t h e  i c e  f l o e s  i s  t h e r e f o r e  s m a l l  and no 
remarkable  f r e s h  w a t e r  p r o d u c t i o n  o c c u r s  ( A c k l e y  1 9 7 9 ) .  D u r i n g  
t h e  " D e u t s c h l a n d "  d r i f t ,  a n  i c e  g r o w t h  o f  1 t o  1 . 5  m was 
observed  a l o n g  t h e  t r a j e c t o r y  ( F o s t e r ,  1972 b ) .  
About  50 - 70 % of  t h e  s e a  i c e  i n  t h e  Weddell Sea  i s  f r a z i l  i c e ,  
w h i c h  seems  t o  b e  fo rmed  a t  h i g h  g r o w t h  r a t e s  ( > l c m h l )  i n  
polynyas  and l e a d s  (Ackley e t  a l . ,  1980: Gow e t  a l . ,  1982; C l a r k e  
and A c k l e y ,  1 9 8 4 ) .  Baue r  a n d  M a r t i n  ( 1 9 8 3 )  i n d i c a t e  t h a t  i c e  
accumula t ion  c a n  l e a d  t o  i c e  l a y e r s  of more t h a n  50 cm t h i c k n e s s  
w i t h i n  a  few h o u r s .  O b v i o u s l y  t h i s  p r o c e s s  i n h i b i t s  t h e  b r i n e  
d r a i n a g e  s o  t h a t  t h e  s a l i n i t y  o f  s e a  i c e  i s  s t i l l  4  t o  10xl0"""^ i n  
e a r l y  s p r i n g  ( a t  59'-62OS 0'-5OE). C o n g e l a t i o n  a t  t h e  b o t t o m  o f  
i c e  s h e e t s  t h r o u g h  h e a t  l o s s  a t  t h e  t o p  depends  On t h e  a c t u a l  i c e  
t h i c k n e s s ,  b u t  it i s  g e n e r a l l y  much s l o w e r  t h a n  by  a c c u m u l a t i o n  
o f  f r a z i l  i c e  ( C l a r k e  and Ackley ,  1 9 8 4 ) .  
C o m p a r a t i v e l y  l a r g e  q r o w t h  r a t e s  a r e  o b s e r v e d  d u r i n q  t h e  
f o r m a t i o n  o f  g r e a s e  i c e .  The l a t t e r  forms i n  l e a d s  and polynyas  
w i t h  h i g h  s e a - a i r  h e a t  f l u x e s .  However,  i n  t h i s  c a s e ,  s a l t  i s  
s t r o n g l y  p r e c i p i t a t e d  ( ~ a u e r  and M a r t i n ,  1 9 8 3 ) .  
3.2.2 Weddell Polynya 
From 1973 to 1977 a larqe polynya with an area of about 
2 . 5 -  lo5km2 appeared in the pack ice of the eastern Weddell Sea 
(63'-71's 3O0W-15'E) (Martinson et al., 1981). Satellite images 
show spatial as well as temporal variations of this phenomenon 














Figure 40: Locations of the pack ice edge over the Weddell Basin 
during June to November 1973 - 1979 from satellite 
images (~artinson et al., 1981). 
(Fig. 40). On the average, the Weddell Polynya migrated with a 
velocity of 1 cms-1 westwards from 1973 to 1977 (Carsey, 1980). 
Figure 41 shows the development of the polynya in winter 1974. 
During sea ice growth a large bight from 64' to 69's and from 0' 
to 10Â° stays ice-free and the Open water area is fully surroun- 
ded by pack ice in July. The polynya enlarges its area from July 
to December. 
The mechanisms of creation and maintenance of this Open water 
area in the pack ice belt are not yet clearly identified. 
Speculations that perturbations originating from the Maud Rise 
(65's 0') and deep convection may be predominantly involved in 
the above processes seem to have some likelihood. 
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Figure 41: Locations of t he  pack i c e  edge and t h e  Weddell Polynya 
during June t o  December 1974 (Carsey, 1980).  
3 . 3 . 3  Ice  Shelves 
Two l a r q e  i c e  s h e l v e s  f low i n t o  t h e  Weddell Sea: t h e  Filchner- 
Ronne Ice  Shelf i n  t he  south and t h e  Larsen I ce  Shelf a t  t he  ea s t  
c o a s t  of t h e  A n t a r c t i c  Peninsula.  Radio-echo soundings ind ica t e  
t h a t  t he  th ickness  of t he  Filchner-Ronne I c e  Shelf increases  from 
2 0 0  - 300 m a t  t h e  f l o a t i n g  i c e  f r o n t  t o  1400 -1500 m f a r t h e r  
south where it r e s t s  on the  ground (Robin e t  a l . ,  1 9 8 3 ) .  I n  t h e  
n o r t h ,  t h e  s h e l f  i c e  i s  d i v i d e d  i n t o  two p a r t s  by Berkner 
I s l a n d .  Between Berkner I s l a n d  and Coats  Land t h e  i c e  s t r eam 
converqences.  A t  t h e  f r o n t  t h e  i c e  a t t a i n s  v e l o c i t i e s  of up t o  
1500 ma-I. West of Berkner I s l a n d ,  t h e  f low speed reduces t o  
about 1050 m a l  (Kohnen, 1982).  The major i c e  discharge occurs a t  
t h e  eas te rn  and western s ides  of t h e  s h e l f .  On t h e  average  t h e  
annual  c a l v i n g  amounts t o  about  400 km3a-I (Zo t ikov  e t  a l . ,  
1974).  
Bottom mel t ing of t h e  i c e  she lves  plays  some r o l e  where s u r f a c e  
w a t e r  i s  f o r c e d  downward on i t s  way under t h e  i c e .  Rough e s t i -  
mates i n d i c a t e  t h a t ,  west of Berkner I s l a n d  t h e  mel t ing  r a t e  i s  
a s  l a r q e  a s  3 .2  ma-I (Robin e t  a l .  , 1983) and a t  t h e  e a s t e r n  
s l o p e  of t h e  F i l c h n e r  D e p r e s s i o n  it i n c r e a s e s  t o  even 10 m a l  
(Behrendt,  1968; Carmack and F e s t e r ,  1975 a ) .  
3.4 Hydrography 
The i c e  cond i t ions  hamper sys temat ic  hydrographic observa t ions  i n  
t h e  Weddell  Sea t h r o u g h o u t  t h e  y e a r .  T h e r e f o r e ,  i n f o r m a t i o n  
a b o u t  s e a s o n a l  phenomena i s  r a r e .  Winter d a t a  a r e  a v a i l a b l e  only  
from t h e  d r i f t i n g  s h i p s  "Deutschland" (1911-1912) and "Endurance" 
(1915-1916)  and t h e  1981 e x p e d i t i o n  w i t h  t h e  RV Somov. Basic  
s t u d i e s  of t h e  hydrography of  t h e  S o u t h e r n  Ocean f e a t u r i n g  t h e  
Weddel l  Sea  a s  t h e  main s o u r c e  o f  A n t a r c t i c  Bottom Water have 
been conducted by Brennecke ( 1 9 2 1 ) ,  WÃ¼s ( 1 9 3 3 ) ,  Mosby ( 1 9 3 4 )  
Deacon (1933 ,  1 9 3 7 )  and Mackintosh (1946)  usinq measurements of 
s e v e r a l  s e a  t r i a l s .  The Weddell  Sea  i n v e s t i q a t i o n s  h a v e  been  
supplemented by ELTANIN d a t a  from 1963-64 and by t h e  observat ions  
dur ing t h e  I n t e r n a t i o n a l  Weddell  Sea  Oceanograph ic  E x p e d i t i o n s  
(IWSOE) 1968 and 1973 t o  1976 ( F i g .  4 2 ) .  
Figure  42: Locat ions  of hydrographic  s e c t i o n s  c a r r i e d  o u t  d u r i n g  
t h e  I n t e r n a t i o n a l  Weddell Sea Oceanographic Expedit ion 
(IWSOE) 1973: I ,  11,  111, l i l a  and VII ,  IWSOE 1975: V 1  
and IWSOE 1976: V 
S e c t i o n  I V  o r i g i n a t e s  from GLACIER c r u i s e  1968 
Dots mark hydrographic  S t a t i o n s .  
3.4.1 Water masses 
Characteristics and spatial distribution of the Weddell Sea water 
masses will be described with the aid of potential temperature 9, 
salinity S and oxygen 0 2 .  
Figure 43: Two characteristic @/S correlation curves representing 
stations in the oceanic domain 
A: central Weddell Sea 
B: continental slope and rise of the Western and nor- 
thern Weddell Sea. 
Curve A shows the beginning of surface cooling, whilst 
the influence of summer heating is still present 
below. According to permanent ice Cover, curve B 
shows no summer heating (Carmack, 1974) .  
The Q/s-diagrams On Figures 43 and 50 show distinct differences 
between the water masses of the oceanic and of the shelf domain 
as well as between Weddell Sea Bottom Water and ~ntarctic Bottom 
Water. Characteristic properties of the individual water masses 
are displayed in Table 8 and their volumes are indicated in 
Table 9. 
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t o t a l  volume ( T V )  
volume (km3) 3 
Shelf domain 
percent of TV 
Table 9: Volume and percent  of t h e  t o t a l  volume of t h e  Weddell 
Sea water  masses l i s t e d  i n  Table 8 .  The volume f o r  AASW 
comprises both domains; MWDW can be observed only On t h e  
she l f  (Carmack and Fos ter ,  1977).  
3.4.1.1 Winter Water (WW) 
The Winter Water is a remnant of thermohaline convection during 
sea ice growth. It forms an isothermal layer with the tempera- 
ture minimum below the seasonal pycnocline from 100 to 200 m 
depth. Compared to the Antarctic Surface Water, WW has lower 
temperature and higher salinity values (Weiss et al., 1979). 
Jacobs et al. (1979 b) suggest that a particularly thick WW layer 
forms in areas of high iceberg frequency. The surface layer 
flattens in comparison to the interior of the Weddell Sea, where 
the prevailing winds cause an Ekman upwelling of deep water 
(Foster and Carmack, 1976 b). 
3.4.1.2 Warm Deep Water (WDW) 
The Warm Deep Water underlies the WW and is characterized by 
temperature and salinity maxima. The temperature maximum ascends 
from 400 - 600 m depth at the shelfbreak to 200 m in the centre 
of the Weddell Gyre (Fig. 44). A parallel rise in the salinity 
maximum from 1000 to 500 m depth is also observed (Gordon and 
Molinelli, 1982; Table 210). 
Figure 44: Depth contours of the deep temperature maximum layer 
over the Weddell Basin (Deacon, 1979). 
As Gordon (1982) has pointed o u t ,  WDW h a s  cooled  by 0 .3  'C from 
1973 t o  1977 t o  t h e  West of Maud Rise .  Th i s  h e a t  l o s s  of t h e  
water column seems t o  be a  consequence of t h e  e a r l i e r  mentioned 
polynya e x i s t i n g  dur ing  t h i s  t ime  p e r i o d .  I t  i s  worthwhile t o  
poin t  out t h a t  t h e  tempera ture  maximum i n  1977 has  passed t h e  
lower l i m i t  of t h e  WDW c h a r a c t e r i s t i c  ind ica ted  i n  Table 8. For 
more d e t a i l s  See paragraph 3.5.2.4.  
3.4.1.3 Antarc t ic  Bottom Water (AABW) 
Temperature and s a l i n i t y  change gradual ly from WDW t o  A n t a r c t i c  
Bottom Water. The l a t t e r ,  which i s  character ized by temperatures 
below O 0 C ,  a  s a l i n i t y  minimum and an oxygen maximum n e a r  t h e  
ocean bottom, r e p r e s e n t s  by f a r  t h e  l a r g e s t  water mass of t h e  
Weddell Sea ( ~ a b l e  9 ) .  I t  f i l l s  t h e  e n t i r e  basin below t h e  d e p t h  
of about  2000 m ,  a s  i nd ica t ed  i n  Fiqures 45 t o  47. Accordinq t o  
Foster  and Middleton (1979),  AABW i s  composed of Warm Deep Water 
and Weddell Sea Bottom Water. 
STATION N U M B E R  ( G L A C I E R  1973 
Figure 45: V e r t i c a l  d i s t r i b u t i o n  of t h e  p o t e n t i a l  t empera tu re  
( ' C )  alonq sec t ion  I 1  (IWSOE 1973) crossing t h e  she l f  
break a t  about 29'W (Fos t e r  and Carmack, 1977).  
3.4.1.4 Weddell Sea B o t t o m  Water (wSBW) 
The newly formed bottom water  i n  t h e  Weddell Sea i s  c a l l e d  
Weddell Sea Bottom Water.  Carmack and Foster (1977) est imate a  
production r a t e  of 3.5 xlo6m3s-1 f o r  t h i s  type of water mass. 
STATION NUMBER IGLACIER 1973) 
37 39 
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Figure 46: V e r t i c a l  d i s t r i b u t i o n  of t h e  p o t e n t i a l  t empera tu re  
( ' C )  along sec t ion  I11 (IWSOE 1973) c ross ing  the  shelf  
break a t  about 40Â° (Fos ter  and Carmack, 1977).  
A t  40Â° ( F i g .  46) t h e  WSBW was detected a t  t he  cont inenta l  slope 
between 2000 m and 3500 m dep th  wi th  no d i r e c t  i n f low from t h e  
s h e l f .  One may t h e r e f o r e  s p e c u l a t e  t h a t  t h i s  water mass o r ig i -  
nates  from t h e  Fi lchner  Depression. Fur ther  t o  t h e  West, s u b s i -  
dence of co ld  s h e l f  wa te r  down i n t o  t h e  deep basin i s  confirmed 
i n  Fiqure 47. This sec t ion  crosses  t he  shelf  break a t  about 51Â°W 
A t h i n  l a y e r  w i th  p o t e n t i a l  t empera tu re s  below -0.8OC can be 
t raced  a l l  t h e  way along t h e  s lope up t o  t he  s h e l f .  A t  present  no 
measurements a r e  a v a i l a b l e  t o  v e r i f y  t h e  production of WSBW i n  
t h e  western Weddell Sea althouqh t h e  r eg ion  a long  t h e  A n t a r c t i c  
Pen insu la  should  be f a v o u r a b l e  f o r  such a  process (Carmack and 
Fos ter ,  1977).  The co ldes t  bottom water of t he  Weddell Sea with a  
p o t e n t i a l  t empera tu re  of -1.4OC was detected ju s t  south of t he  
t i p  of t he  Antarc t ic  Peninsula (Fos te r  and Middleton, 1980).  
F i g u r e  47: S e e  F i g u r e  4 5 .  S e c t i o n  I V  (GLACIER c r u i s e  1 9 6 8 )  
c r o s s e s  t h e  s h e l f  b r e a k  a t  a b o u t  5 l0W ( F o s t e r  a n d  
Carmack, 1977) .  
S a l i n i t y  m e a s u r e m e n t s  i n  t h e  Same a r e a  p o r t r a y e d  i n  F i g u r e  48 
i n d i c a t e  a  d e c r e a s i n g  s a l i n i t y  w i t h  d e p t h  i n  t h e  b o t t o m  l a y e r .  
F i g u r e  48: S a l i n i t y  p r o f i l e s  a t  s t a t i o n s  o v e r  t h e  c o n t i n e n t a l  
s l o p e  i n  s e c t i o n  V (IWSOE 1976)  ( F o s t e r  and Midd le ton ,  
1 9 8 0 ) .  
These p r o f i l e s  furthermore show some in t rus ions  of s a l t i e r  water  
which suggest an in t e rmi t t en t  bottom water formation i n  space and 
t ime i n  t h i s  req ion  ( F o s t e r  and Carmack, 1976 a). S i m i l a r  
arguments seem t o  ho ld  f o r  t he  s lope of t he  South Sco t i a  Ridge. 
F o s t e r  and Carmack (1977)  conclude ,  from t h e  s l i g h t l y  h i g h e r  
t empera tu re  and t h e  l a r g e r  volume of bottom water, t h a t  WSBW i s  
mixing with t h e  o v e r l a y i n g  W D W .  A r e p e t i t i o n  of s e c t i o n  V1 i n  
1976 r evea l ed  t h a t  t h e  bottom wa te r  was c o o l e r ,  s a l t i e r  and 
higher  i n  oxyqen t h a n  one y e a r  b e f o r e .  These f i n d i n g s  p rov ide  
ev idence  f o r  considerable va r i a t i ons  i n  bottom water production 
i n  t h e  Weddell Sea. 
3.4.1.5 Weddell Sea Deep Water (WSDW) 
The WSDW, character ized by Reid e t  a l .  ( 1 9 7 7 ) )  ranges  n e a r  t h e  
warm s a l i n e  end of AABW. Accordinq t o  Gordon (19781, WSDW for-  
mation t a k e s  p l a c e  i n  t h e  c e n t r e  of t h e  Weddell Gyre. The 
required v e r t i c a l  mixinq of t h e  cold low sa l ine  Winter Water with 
t h e  warm s a l t y  Deep Water could be supported by westward moving 
e d d i e s  qene ra t ed  a t  Maud Rise. The perturbat ion extends down t o  
4000 m depth as  documented by the  i s o l i n e s  of p o t e n t i a l  tempera- 
t u r e  and densi ty ,  i n  Fiqure 49. 
Figure 49: Ver t i ca l  d i s t r i b u t i o n  of p o t e n t i a l  temperature ( a )  and 
sigma-p ( b )  West of Maud Rise (Gordon, 1978).  
3.4.1.6 Shelf  Water (SW) 
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Figure 50: C h a r a c t e r i s t i c  Q / s  c o r r e l a t i o n  curves from d i f f e r e n t  
regions oÂ the  Weddell Sea s h e l f .  
C:  e a s t e rn  she l f  
D: she l f  break (25'-40Â°W 
E: Fi lchner  Depression 
F: Western she l f  
(Carmack, 1 9 7 7 )  
E a s t e r n  S h e l f  Wa te r  (ESW) C o v e r s  t h e  n a r r o w  s-helf  e a s t  o f  t h e  
F i l c h n e r  D e p r e s s i o n .  I t  d i f f e r s  f r o m  t h e  W e s t e r n  S h e l f  W a t e r  
(WSW) by lower  s a l i n i t y  v a l u e s .  The  l a t t e r  l i e s  i n  t h e  d e n s i t y  
i n t e r v a l  o f  27 .85  t o  2 8 . 0 8  (Ca rmack ,  1 9 7 4 )  and  i s  t h u s  t h e  
d e n s e s t  w a t e r  mass  i n  t h e  W e d d e l l  S e a .  WSW o c c u p i e s  t h e  b r o a d  
s h e l f  r e g i o n  West o f  t h e  F i l c h n e r  D e p r e s s i o n .  The s a l i n i t y  
i n c r e a s e s  f r o m  e a s t  t o  w e s t  w i t h  a  maximum a t  t h e  A n t a r c t i c  
P e n i n s u l a .  
3.4.1.7 I c e  S h e l f  Water (ISW) 
I c e  S h e l f  W a t e r  e x i s t s  n e a r  t h e  i c e  s h e l v e s  p r i m a r y  i n  t h e  
F i l c h n e r  Depres s ion  a t  d e p t h s  a round 400 m. According t o  Carmack 
a n d  F o s t e r  (1975 a ) ,  WSW, which f l o w s  unde r  t h e  i c e  s h e l f  l o w e r s  
i t s  t e m p e r a t u r e  and  s a l i n i - i - y  d u e  t o  m e l t i n g  o f  s h e l f  i c e .  The  




F i g u r e  51: P o t e n t i a l  t e m p e r a t u r e  ( a )  a n d  s a l i n i t y  (b) a l o n g  
s e c t i o n  I I I a  (IWSOE 1 9 7 3 )  a c r o s s  t h e  F i l c h n e r  Depres-  
s i o n  a t  abou t  78 's .  The W e s t e r n  s l o p e  i s  r e p r e s e n t e d  
t o  t h e  l e f t  (Carmack and F o s t e r ,  1975 a ) .  
The temperature and salinity sections along the Filchner Ice 
Shelf front (Figure 51) feature ISW cores with potential tem- 
peratures<-2.0Â° over the Western and eastern slope of the 
Filchner Depression in 200-600 m depth. The density distribution 
predicts a cyclonic flow of ISW in the depression. At about 77OS 
(Station 49 of Figure 52), ISW overrides the warmer high salinity 
WSW. Foldvik (private communication) has measured an outflow of 
ISW at the sill of the Filchner Depression near 74's. 
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Figure 52: Potential temperature ( a )  and salinity (b) along 
section I11 (IWSOE 1973) (Carmack and Foster, 1975 a). 
Occasionally ISW ascends at the ice shelf front with temperatures 
of -2.20C1 close to the freezing point at 400 m depth. The 
upwelling of this in situ-supercooled water could be caused by 
katabatic winds. 
3.4.2 Circulation 
3.4.2.1 Weddell Gyre 
An elongated cyclonic gyre dominates the oceanic circulation of 
the Weddell Sea. It extends from the Antarctic Peninsula to about 
20'-30Â° (Deacon, 1937) or even 40Â° (Gordon et al., 1981), as 
one can conclude from the dynamic topography relativ to 5MPa in 
Figure 53. 
F i g u r e  53: Dynamic t o p o g r a p h y  o f  t h e  sea s u r f a c e  r e l a t i v e  t o  5  
MPa i n  dynm (Gordon e t  a l . ,  1 9 8 1 ) .  
The f l ow d i r e c t i o n  i s  t o  t h e  n o r t h e a s t  a l o n q  t h e  S o u t h  S c o t i a  
R i d q e  ( w e s t  o f  25OW), t h e  Amer i ca -An ta rc t i c  Ridqe (25'W-0Â° and 
t h e  Mid-Ocean R i d q e  ( w e s t  o f  2 0 Â ° E )  S t a r t i n g  a t  t h e  G r e e n w i c h  
m e r i d i a n ,  t h e  c u r r e n t  becomes  y e a k e r  a n d  t u r n s  t o  t h e  s o u t h .  
Recyc l ing  t o  t h e  wes t  a lonq  t h e  A n t a r c t i c  c o a s t  i s  ex tended  up  t o  
4 0 Â ° E  F i n a l l y ,  t h e  b a r r i e r  o f  t h e  A n t a r c t i c  P e n i n s u l a  f o r c e s  t h e  
f l o w  nor thward  a g a i n .  The c o a s t a l  c u r r e n t  i s  s t r o n q l y  b a r o c l i n i c  
e a s t  o f  20Â°W Alonq  t h e  s h e l f  b r e a k ,  t h i s  c u r r e n t  i s  a b o u t  
100  km wide.  I t s  speed  r e a c h e s  40cms-l (Carmack and F o s t e r ,  1977)  
s o  t h a t  t h e  vo lume  t r a n s p o r t  o f  m a i n l y  WDW amoun t s  t o  1 2 . 5  X 
1 0 ^ m ~ s - ~  ( S e a b r o o k e  e t  a l . ,  1 9 7 1 ) .  A t  t h e  n o r t h e a s t e r n  boundary  
o f  t h e  F i l c h n e r  D e p r e s s i o n  ( 7 5 ' s  2g0W) ,  a  d i v e r q e n c e  i n  t h e  
n e a r - s u r f a c e  f l o w  q e n e r a l l y  e x i s t s  ( G i l l ,  1 9 7 3 ) .  The w a t e r  masses  
p r o p a q a t e  p r e d o m i n a n t l y  a l o n q  t h e  c o a s t l i n e  t o w a r d s  t h e  
F i l c h n e r  I c e  S h e l f  ( F i q .  5 4 ) .  T h e  r e m a i n i n q  w a t e r  c o n t i n u e s  
westward a l o n g  t h e  s h e l f  b r e a k  s e p a r a t i n q  s h e l f  w a t e r  f r o m  WDW 
b e l o w  200 m d e p t h .  T h i s  c o n t o u r  c u r r e n t  was  i n v e s t i q a t e d  a t  
74.4 's  40Â° by Fo ldv ik  and Kvinqe (1974 a )  w i t h  t h e  a i d  o f  t w o  
c u r r e n t  m e t e r s ,  moored a t  6 3 4  m a n d  6 4 0  m w a t e r  d e p t h  ( a b o u t  
21 m above t h e  bot tom)  f o r  o n e  y e a r .  They  f o u n d  a  more o r  l e s s  
w e s t e r l y  ( 2 8 0 ' )  c u r r e n t  w i t h  a  n o r t h w a r d  d e f l e c t i o n  f r o m  t h e  
i s o b a t h s  o f  7O. The mean v e l o c i t y  i n  summer ( F e b r u a r y  t o  M a r c h )  
was 6 . 1  cms-I. H ighe r  v a l u e s  w i t h  a  maximum o f  7 .3  cms-I a p p e a r e d  
i n  t h e  w i n t e r  months June and J u l y .  The component no rma l  t o  t h e  
i s o b a t h s  o b t a i n e d  i t s  maximum d u r i n g  t h e  p e r i o d  o f  s t r o n q e s t  s e a  
i c e  growth f rom A p r i l  t o  May. S i n c e  t h e  s e a  s u r f a c e  v e l o c i t i e s  
F i g u r e  54: Dynamic topography of  t h e  0 .5  MPa-surface r e l a t i v e  t o  
3  MPa. Arrows i n d i c a t e  r e l a t i v e  d i r e c t i o n  o f  t h e  f l o w  
(Carmack and F o s t e r ,  1 9 7 7 ) .  
d e r i v e d  from t h e  "Deutschland"  and "Endurance" d r i f t s  ranged from 
5 t o  6  crns-^-, r e s p e c t i v e l y  i n  t h e  Same a r e a ,  one  may, a s  a  f i r s t  
app rox ima t ion ,  assume t h a t  t h i s  f low is p r i m a r i l y  b a r o t r o p i c .  
On ly  s p a r s e  i n f o r m a t i o n  e x i s t s  a b o u t  t h e  c i r c u l a t i o n  a l o n g  t h e  
A n t a r c t i c  P e n i n s u l a  due t o  t h e  permanent i c e  Cover. The "Deutsch- 
l a n d "  d r i f t  r e v e a l e d  a  n o r t h w a r d  s u r f a c e  c u r r e n t  w i t h  a mean 
v e l o c i t y  o f  7 . 3  cms-I  (Brennecke ,  1 9 2 1 ) .  More r e c e n t  buoy d r i f t  
d a t a  covered  t h e  v e l o l c i t y  r ange  from 1 . 7  t o  8 . 8  c m s l  (Gordon e t  
a l . ,  1 9 8 1 ) .  The t o t a l  volume t r a n s p o r t  h a s  b e e n  e s t i m a t e d  t o  b e  
76 X l ~ ~ m ~ s - ~  (Gordon,  1 9 8 3 ) .  
The  n o r t h - w e s t e r n  b r a n c h  o f  t h e  Wedde l l  Gyre i s  d e s c r i b e d  w i t h  
t h e  a i d  of  t h e  h y d r o g r a p h i c  s e c t i o n s  V 1  and  V 1 1  i n  F i g u r e  42  a n d  
a  o n e - y e a r  c u r r e n t  m e t e r  r e c o r d  a t  6 6 ' s  41Â° i n  4504 m d e p t h  
(50  m above t h e  b o t t o m ) .  The  a n n u a l  mean o f  t h e  c u r r e n t  v e c t o r  
p o i n t e d  t o  t h e  n o r t h e a s t ,  w i t h  a n  e a s t e r l y  component of 0 .14  
c m s l  a n d  a  n o r t h e r l y  component  o f  1 . 3  c m s - I .  V e l o c i t y  a n d  
t e m p e r a t u r e  f l u c t u a t i o n s  a r e  l a r q e r  i n  summer t h a n  i n  w i n t e r .  
They seem t o  b e  c a u s e d  b y  c y c l o n i c  c o l d - c o r e  e d d i e s  w i t h  t h e  
b a r o c l i n i c  Rossby Radius o f  D e f o r m a t i o n  o f  a p p r o x i m a t e l y  1 7  km 
( F o s t e r  and Midd le ton ,  1 9 7 9 ) .  
The hydrogr?phic sections VII and I (Fig. 42) combined with 
current measurements along a profil between the South Sandwich 
Islands and Cape Norvegia were applied to determine the water 
mass outflow of the Weddell Sea. The mean velocity between 60's 
and 67's was estimated at 0.8 to 4.34 cms-I with an easterly to 
northeasterly direction in a depth of 4100 m. Maximum speed 
values were found at the base of the South Scotia Ridge decrea- 
sing towards the centre of the Weddell Gyre at 67'38's 20Â°26' 
(Carmack and Foster, 1975 b). The velocity field of the adjusted 
geostrohpic flow (relative velocity profiles adjusted to direct 
current measurements) is displayed On Figure 55. 
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Figure 55: Adjusted velocity distribution section V11 
(IWSOE 1973). Velocities are in zi:'? and positive 
values are to the east (Carmack and Foster, 1975 b) . 
The calculated transport of water out of the Weddell Sea in units 
i06m^s"1 amounts to: 
1.2 Winter Water 
25.6 Warm Deep Water (including Modified Warm Deep ~ a t e r )  
53.1 Antarctic Bottom Water 
15.6 Weddell Sea Bottom Water for 9<:-0.7Â° 
1.4 Antarctic Surface Water for S < 34.3~10"~ 
96.9 Total transport (~armack and Foster, 1975 b) 
This total transport exceeds the maximum Sverdrup vaiue of the 
Western boundary current of Gordon et al. (1981) by about 20 %. 
The differente may be explained by the contribution of the 
Antarctic Circumpolar Current to the Weddell Gyre. But consider- 
able uncertainties still exist since the record length of the 
current measurements of 96-345 hours does not Cover the whole 
variability of the flow. 
The major por t ion  of AABW exported frorn t h e  Weddell Sea c o n s i s t s  
of water  t h a t  h a s  e n t e r e d  t h e  Weddell Sea with the  southeastern 
branch of t h e  gyre. 
Carmack and F o s t e r  ( l 9 7 7 ) ,  analysing the  abyssal  ocean with t h e  
a id  of p o t e n t i a l  ternperature and s a l i n i t y  i n  t h e  bottorn l a y e r  of 
t h e  southwes tern  s h e l f  and t h e  western Weddell Sea Basin, found 
t h a t  the  cold water from t h e  wide shelf  advances t o  t he  north and 
mixes i n  a  f r o n t a l  Zone near t he  cont inenta l  she l f  break West of 
40Â° ( ~ i g .  5 6 ) .  A tongue of WSBW with p o t e n t i a l  t empera tures  of 
6 < -0.85 ' C  s p r e a d s  a long  the  cont inental  r i s e  up t o  63's. There 
it turns  t o  t h e  eas t  forced by the  topoqraphy of the  South Scot ia  
Ridge, which a l s o  causes  a  southward de f l ec t ion  a t  about 32'W. 
East of 25OW t h e  outflow of the  Weddell Sea gains  a  nor theas te r ly  
d i r e c t  ion. 
Figure 56: P o t e n t i a l  temperature d i s t r i b u t i o n  ( ' C )  i n  t he  bottom 
l a y e r  of t h e  Weddell Sea s h e l f  and wes tern  ocean ic  
domains (Carmack and Foster ,  1977 ). 
The amplitudes of t h e  t i d a l  c u r r e n t s  i n  t h e  deep water  of t h e  
Wed.dell Sea f o r  t h e  main harmonics a re :  
K l ;  Lumi-solar d iu rna l  M2: Pr inc ipa l  lunar  semi-diurnal 
01: Pr inc ipa l  lunar  d iurna l  82: Pr inc ipa l  s o l a r  serni-diurnal 
(Middleton and Fos ter ,  1977).  
I n  each  c a s e  t h e  c u r r e n t  v e c t o r s  r o t a t e  c lock -wi se .  72 % and 50 % 
o f  t h e  r e s p e c t i v e  d i u r n a l  a n d  s e m i - d i u r n a l  t i d a l  m o t i o n  a r e  
b a r o t r o p i c  i n  aqreement w i th  t h e  p redominan t ly  b a r o t r o p i c  n a t u r e  
o f  t h e  Weddell Sea  c i r c u l a t i o n .  
A t  t h e  s h e l f  e d g e  ( 7 4 ' 8  ' S 3g02O'W) t h e  co r r e spond ing  v e l o c i t i e s  
are : 
( F o l d v i k  and Kvinge, 1974 a )  . 
3 .4 .2 .2  C i r c u l a t i o n  On t h e  s h e l f  
A c c o r d i n g  t o  t h e  dynamic  t o p o g r a p h y  o f  t h e  0 . 5  t o  3  MPa l a y e r  
( F i g .  54 )  t h e  s u r f a c e  c i r c u l a t i o n  o n  t h e  s o u t h e r n  s h e l f  o f  t h e  
Weddell  Sea  i s  c h a r a c t e r i z e d  by  a  c y c l o n e  w i t h  two c e n t r e s .  S i n c e  
t h e  d a t a  b a s e  s u p p o r t i n q  t h e  f l o w  p a t t e r n  o f  F i g u r e  5 4  i n  t h e  
s o u t h e r n  r e g i o n  i s  s p a r s e ,  f u t u r e  o b s e r v a t i o n s  may l e a d  t o  some 
r e v i s i o n  of  d e t a i l s .  
43,5 W STATION NUMBER 36,O W 
o, 5,4 5,2 5; 5: 5; Ã¤, 6,Ã , 
F i g u r e  57: G e o s t r o p h i c  v e l o c i t i e s  (cms-I ]  r e l a t i v  t o  3  MPa a l o n g  
s e c t i o n  I11 a  (IWSOE 1 9 7 3 ) .  H a t c h e d  a r e a s  i n d i c a t e  a  
southward  t r a n s p o r t  (Carmack and F o s t e r ,  1975 a ) .  
The c i r c u l a t i o n  w i t h i n  t h e  F i l c h n e r  Depres s ion  is  governed by t h e  
c y c l o n i c  f l o w  o f  I c e  She l f  Water  t h a t  advances  t o  t h e  n o r t h  o v e r  
t h e  w e s t e r n  s l o p e  and r e c i r c u l a t e s  s o u t h w a r d s  a l o n g  t h e  e a s t e r n  
f l a n k  ( ~ i g .  5 7 ) .  V e l o c i t i e s  r e l a t i v e  t o  3 MPa a l o n g  t h e  d e -  
p r e s s i o n  a r e  r e l a t i v e l y  s m a l l .  They d o  n o t  exceed  8  c m s l  s o  t h a t  
t h e  nor thward  t r a n s p o r t  o v e r  t h e  w e s t e r n  s l o p e  amoun t s  t o  0 . 4  X 
i o 6 m 3 s - I  o n l y  (Carmack and F o s t e r ,  1975 a )  . 
4. The Bottom water formation 
4.1 Influence of t h e  wind 
The p roduc t ion  of AABW seems t o  be s t r o n q l y  c o n t r o l l e d  by 
atmospheric wind forcing.  Along the  coast ,  e a s t e r l y  and off shore 
winds g e n e r a t e  and main ta in  Ekman t r anspor t s  which r e s u l t  i n  a  
d i s t i n c t  v e r t i c a l  c i r c u l a t i o n .  On t h e  Weddell Sea s h e l f  t h i s  
e f f e c t  i s  g e n e r a l l y  suppor ted  by t h e  g e o s t r o p h i c  f low.  The 
surface wind s t r e s s  and t h e  hor izonta l  mass d i s t r i b u t i o n  Support  
an on-shore f low component i n  t h e  upper 200 met res  and an 
of f -coas ta l  t r anspor t  i n  deeper layers .  
G i l l  (1973)  concludes  from simple model ca lcu la t ions  t h a t  t hese  
p roces ses  account  a l r e a d y  f o r  36 % oÂ t h e  d i s c h a r g e  of h i g h  
s a l i n i t y  water  from t h e  Weddell Sea she l f .  The major port ion of 
t he  Shelf Water produced by sea i c e  growth a t  a  r a t e  of 2 .75  X 
l o 6 m 3  s"^- i s  obviously removed by t h e  Weddell Gyre. Assuming t h a t  
t h e  Western She l f  Water mixes wi th  Warm Deep Water and Winter  
Water i n  a  ( 1 : l )  r a t i o  5.5xl06m3s"~ WSBW would be formed. This 
i s  t h e  upper l i m i t  of t h e  ranqe given by Carmack and F o s t e r  
(1975 b ) .  
The importance of wind and buoyancy-driven motions i n  t h e  
production of Weddell Sea Bottom Water i s  s t u d i e d  by Ki l lwor th  
(1973) w i th  t h e  a i d  of a  two-dimensional, numerical model. His 
r e s u l t s  f a l l  i n  t h e  same ranqe as  G i l l ' s  v a l u e s  bu t  t h e  d e n s i t y  
contours  i n  t h e  model show no bottom water formation. The bottom 
water produced by buoyancy-driven motions a l o n e  i s  n e g l i g i b l e .  
However, i f ,  add i t i ona l ly ,  t h e  convection i s  forced by a  sur face  
wind s t r e s s  of V ^ ^ - O . ~ m ~ ( e a s t  w inds ) ,  a  remarkable agreement 
with observations i s  obtained. The t r anspor t  values a r e  t h e  same 
a s  i n  t h e  p u r e l y  wind d r i v e n  system ( 1 - 1 . 5 x l 0 ~ m ~ s ~ ) ,  ye t  t h e  
d e n s e s t  wa te r  i s  found over  t h e  s h e l f .  The lower h a l f  of t h e  
sou the rn  s l o p e  and t h e  f l a t  bottom a r e  covered by a  water mass 
with the  c h a r a c t e r i s t i c s  of bottom water (F iq .  58 ) .  Higher values 
f o r  t h e  wind s t r e s s  do not change bottom water generation but do 
improve t h e  d e n s i t y  s t r u c t u r e  of t h e  model. I n  s p i t e  of some 
u n c e r t a i n t i e s  i n  d e t a i l ,  t h e s e  model exper iments  c l e a r l y  
emphazise t h e  importance of windstress i n  bottom water formation. 
Fiqure 58: Modeled d e n s i t y  s t r u c t u r e  i n  t h e  Weddell Sea f o r  
z x = - 0 . 4 ~ m - 2 .  Right  Corner symbolized t h e  she l f  a rea  
(Kil lworth,  1973).  
A f u r t h e r  wind e f f e c t  i n  t h i s  r e s p e c t  i s  t h e  weakening o f  t h e  
p y c n o c l i n e  i n  t h e  c e n t r e  o f  t h e  Weddell  Gyre t h r o u g h  Ekman 
divergence.  Gordon and Huber (1984) s p e c u l a t e  t h a t  t h i s  f a c t  may 
form a  necessary  cond i t ion  f o r  deep oceanic  convection dur ing sea  
i c e  growth and thus  favour t h e  I n i t i a t i o n  of polynyas.  
4 .2  Sur face  coo l ing  and s a l t  r e j e c t i o n  dur ing  f r e e z i n g  per iods  
4 . 2 . 1  Sea i c e  growth and h a l i n e  convect ion 
Compared t o  t h e  World Ocean and e s p e c i a l l y  t o  t h e  A r c t i c  Ocean, 
t h e  S o u t h e r n  Ocean i s  c h a r a c t e r i z e d  by a  weak pycnocline,  which 
i s  a consequence of t h e  small  f r e s h  water inpu t  and t h e  upwelling 
o f  warm, more s a l i n e  Ci rcumpola r  Deep Water a t  t h e  AAD. I n  t h e  
Weddel l  Gyre t h e  p y c n o c l i n e  l i e s  i n  a b o u t  100 m d e p t h  i n  t h e  
c e n t r e  and s l o p e s  down t o  a b o u t  200 m i n  t h e  o u t e r  p a r t s .  The 
Brunt-VÃ¤isÃ¤ frequency, which c h a r a c t e r i z e s  t h e  maximum f r e  uen- 
C o  o s s b e  n t e r n a  g r a v i t y  w a s  r a g e  around X O - ~  s-I 
( F o s t e r  and Carmack, 1976 b ;  M i d d l e t o n  and F o s t e r ,  1 9 8 0 ) .  
Ocean-atmosphere h e a t  exchange and s e a  i c e  formation i n  win te r  
enhance mixing a c r o s s  t h e  pycnocl ine  and t h u s  t h e  i n t e n s i t y  o f  
upward h e a t  and s a l t  f l u x e s .  Hence t h e  pycnocl ine  i s  weakest a t  
t h e  end of win te r .  
With d e c r e a s i n g  s o l a r  r a d i a t i o n ,  t h e  c o o l i n g  of t h e  s u r f a c e  
wa te r s  g e n e r a l l y  begins  i n  February i n  t h e  s o u t h e r n  P a r t  o f  t h e  
A n t a r c t i c  pack i c e  Zone. The induced thermal  convection genera tes  
a  mixed l a y e r  which f i n a l l y  accomrnodates t h e  Winter Water o f  t h e  
l a s t  w i n t e r .  The growth r a t e  o f  t h e  mixed l a y e r  c r i t i c a l l y  
depends on t h e  d e n s i t y  differente a t  t h e  lower  boundary.  P r i o r  
t o  f r e e z i n g ,  t h e  most important c o n t r i b u t i o n s  t o  s u r f a c e  coo l ing  
come from s e n s i b l e  and l a t e n t  h e a t  f l u x e s  i n t o  t h e  a tmosphere  
(Danard e t  a l . ,  1983) .  
Sea  i c e  growth i s  t h e  r e s u l t  of c l o s e l y  c o u p l e d  dynamic and 
thermodynamic p rocesses .  Dynamic e f f e c t s  a r e  r e l a t e d  t o  wind and 
c u r r e n t  S t r e s s e s ,  t h e  C o r i o l i s  f o r c e ,  t h e  dynamic topography of 
t h e  s e a  s u r f a c e ,  i c e  i n t e r a c t i o n ,  and i n e r t i a l  f o r c e s .  They 
i n f l u e n c e  t h e  d i s t r i b u t i - o n  and thi .ckness of t h e  s e a  i c e  ( H i b l e r ,  
1979) .  
M e l t i n g  and f r e e z i n g  d u r i n g  t h e  s e a  i c e  development i s  therrno- 
d y n a m i c a l l y  c o n t r o l l e d  by t h e  h e a t  t r a n s p o r t  a c r o s s  t h e  i c e  
bound-aries (Ki l lwor th ,  1979) i n  t h e  form: 
QIA: h e a t  f l u x  from t h e  i c e  t o  t h e  atmosphere including 
r a d i a t i o n  
QWI : h e a t  f l u x  from t h e  water  t o  t h e  i c e  
h I  : i c e  t h i c k n e s s  
5 1 :  i c e  d e n s i t y  
~ ~ 3 x 1 0 ~  ~ / k g :  l a t e n t  h e a t  of i c e  mel-t ing.  
QIA i s  p r o p o r t i o n a l  t o  t h e  v e r t i c a l  t e m p e r a t u r e  q r a d i e n t  i n  t h e  
s e a  i c e .  F o r  t h i n  i c e  ( h I < 0 . 8 m ) ,  t h e  s u b s e q u e n t  l i n e a r  r e l a -  
t i o n s h i p  h o l d s  app rox ima te ly  (Pa rk inson  and Washinqton,  1979) :  
k I QIA = G ( T F - T l  
TTC: s u r f a c e  t e m p e r a t u r e  o f  t h e  s e a  i c e  
Tp : f r e e z i n q  p o i n t  t e m p e r a t u r e  o f  s e a  wa te r  
k 1  : t he rma l  c o n d u c t i v i t y  o f  s e a  i c e .  
When t h e  i c e  q e t s  t h i c k e r ,  it S t o r e s  h e a t  a n d  t h e  t e m p e r a t u r e  
p r o f i l e s  become n o n l i n e a r .  I n  t h i s  S i t u a t i o n  s u r f a c e  h e a t  f l u x e s  
d o  n o t  immedia te ly  cause  f r e e z i n g  o r  m e l t i n g  (Maykut, 1 9 8 2 ) .  The  
t h e r m a l  c o n d u c t i v i t y  o f  s e a  i c e  d e o e n d s  On t e m o e r a t u r e  a n d  
s a l i n i t y .  I t  i s  t h e  f i r s t  approximat iog  q i v e n  by  ( u n t e r s t e i n e r ,  
1961) :  
S I ,  TI: s a l i n i t y  and t e m p e r a t u r e  o f  s e a  i c e ,  r e s p e c t i v e l y  
k ~ o  = 2.04 ~ ( m s ' ~ ) - l :  t h e r m a l  c o n d u c t i v i t y  o f  p u r e  i c e  
The  f r e e z i n q  r a t e  i s  r e d u c e d  when Snow C o v e r s  t h e  s e a  i c e .  I n  
such  S i t u a t i o n s  t h e  h e a t  f l u x  a t  t h e  s u r f a c e  d i m i n i s h e s  a c c o r d i n q  
t o  (Maykut, 1 9 8 2 ) :  
QSA : h e a t  f l u x  from t h e  Snow t o  t h e  a tmosphere  
TSS : s u r f a c e  t e m p e r a t u r e  o f  t h e  snow 
hs  : t h i c k n e s s  o f  t h e  Snow Cover 
k s  = 0.31  J (msÂ°C -I: t h e r m a l  c o n d u c t i v i t y  o f  snow. 
The r e l e a s e  o f  l a t e n t  h e a t  d u r i n g  t h e  f r e e z i n q  p r o c e s s  and  t h e  
r e d u c t i o n  o f  t h e  f r e e z i n g  p o i n t  t e m p e r a t u r e  w i t h  i n c r e a s i n q  
s a l i n i t y  d u e  t o  b r i n i n g  d i m i n i s h  s e a  i c e  g r o w t h .  The h e a t  
e x c h a n g e  b e t w e e n  w a t e r  and i c e  i s ,  t o  a  l a r g e  e x t e n t ,  a l s o  con- 
t r o l l e d  by t h e  v e r t i c a l  mixinq i n  t h e  w a t e r  column by e . q .  h a l i n e  
convec t ion .  
A molecu la r  l a y e r  o f  l e s s  t h a n  1 cm i n  t h i c k n e s s  w i t h  a  r e l a t i v e -  
l y  h i g h  s a l t  c o n t e n t  f o r m s  j u s t  b e l o w  t h e  sea i c e  ( L a k e  a n d  
L e w i s ,  1 9 7 0 ;  L e w i s ,  1 9 7 4 ) .  The  v e r t i c a l  s a l i n i t y  q r a d i e n t  
p r edominan t ly  d e t e r m i n e s  t h e  v e r t i c a l  d e n s i t y  d i s t r i b u t i o n .  When 
t h e  l a t t e r  becomes  u n s t a b l e ,  h a l i n e  c o n v e c t i o n  i n  t h e  form of  
f i l a m e n t s  a n d  f i n g e r s  w i t h  v e r t i c a l  s c a l e s  o f  25 - 3 0  cm and  
r a d i i  o f  0 . 1  - 0 . 2  cm i s  i n i t i a t e d  i n  t h e  u p p e r  l a y e r  o f  t h e  
w a t e r  column ( F o s t e r ,  1 9 6 9 ) .  When t h e  d e n s i t y  o f  t h i s  l a y e r  h a s  
p a s s e d  some c r i t i c a l  v a l u e ,  l a r g e r  c o n v e c t i v e  e l emen t s  can ex t end  
t h e  mixing i n t o  g r e a t e r  d e p t h s  a s  f a r  down a s  2000 m ( F o s t e r ,  
1 9 7 2  b ) .  A c t u a l l y ,  n e i t h e r  models n o r  measurements a r e  a v a i l a b l e  
t o  d e s c r i b e  t h e  d e t a i l s  of  t h e s e  p r o c e s s e s  s u f f i c i e n t l y .  
A p a r t  f r o m  v e r t i c a l  m i x i n g  h o r i z o n t a l  a d v e c t i o n  by e .g .  t i d a l  
c u r r e n t s  may a l s o  c o n t r i b u t e  t o  t h e  h e a t  t r a n s f e r  between i c e  and 
t h e  a d j a c e n t  w a t e r  ( C s a n a d y ,  1 9 7 2 ) .  M e a s u r e m e n t s  n e a r  Mawson 
S t a t i o n  i n d i c a t e  t h a t  t h e  s e n s i b l e  h e a t  f l u x  f r o m  w a t e r  t o  i c e  
d r o p s  f r o m  20 - 40 w m 2  i n  au tumn t o  1 0  w m 2  i n  mid-winter .  A 
p a r a l l e l  r e d u c t i o n  i n  t h e  v e r t i c a l  h a l i n e  m i x i n g  a l s o  t a k e s  
p l a c e .  I n  ~ e p t e m b e r / ~ c t o b e r , a  s econda ry  maximum o f  15  t o  20 ~ m - ~  
s e n s i b l e  h e a t  f l u x  f r o m  w a t e r  t o  i c e  i s  o b s e r v e d  a t  s e v e r a l  
A n t a r c t i c  c o a s t a l  s t a t i o n s  (Mawson, Molodezhnaya, H a l l e y ,  Mirny, 
D a v i s ) .  T h i s  phenomenon i s  c a u s e d  b y  a  s o u t h w a r d  a d v e c t i o n  o f  
warm s a l i n e  s u r f a c e  w a t e r .  On t h e  a v e r a g e  t h e  s e n s i b l e  h e a t  f l u x  
f r o m  t h e  o c e a n  t o  t h e  s e a  i c e  a m o u n t s  t o  10-15 w m 2  d u r i n g  t h e  
p e r i o d  of  i c e  growth ( A l l i s o n ,  1 9 8 1 ) .  
D u r i n g  p e r i o d s  o f  r a p i d  f r e e z i n g ,  more s a l t  i s  c a p t u r e d  i n  t h e  
i c e  t h a n  by s low i c e  growth ,  a l t h o u g h  d u e  t o  g r a v i t y ,  t h e  b r i n e  
m i g r a t e s  downwards w i t h  t i m e .  Thus,  a  v e r t i c a l  s a l i n i t y  g r a d i e n t  
d e v e l o p s  i n  o l d e r  s e a  i c e  , w h i c h  i s  p r o p o r t i o n a l  t o  t h e  b r i n e  
r e l e a s e  a t  t h e  b o t t o m .  I n  s p i t e  o f  t h i s  r e t a r d a t i o n  o f  s a l t  
i n j e c t i o n ,  t h e  s a l i n i t y  o f  t h e  s u r f a c e  w a t e r  i s  more o r  l e s s  
p r o p o r t i o n a l  t o  t h e  i c e  growth r a t e  ( K i l l w o r t h ,  1 9 7 9 ) :  
h :  t h i c k n e s s  of  t h e  s u r f a c e  l a y e r  
6": s a l i n i t y  differente between s e a  w a t e r  and s e a  i c e .  
4 . 2 . 2  La rge - sca l e  s a l t  and h e a t  f l u x e s  
Upwel l ing  of  Ci rcumpolar  Deep W a t e r  a t  t h e  AAD t r a n s p o r t s  h e a t  
a n d  s a l t  f r o m  l o w e r  l a y e r s  t o  t h e  s e a  s u r f a c e .  The z o n a l l y  
i n t e g r a t e d  u p w e l l i n g  amounts  t o  a b o u t  6 0 x 1 0 ~  m 3 s 1 .  Th i s  volume 
f l u x  i s  a s s o c i a t e d  w i t h  a n  upward  s a l t  f l u x  o f  36x106 k g s l .  
S i n c e  t h e  f r e s h w a t e r  i n p u t  o f  a b o u t  500 mmal  s o u t h  of t h e  PF 
c o m p e n s a t e s  o n l y  f o r  1 1 x 1 0 ~  k g s - I ,  deep  c o n v e c t i o n  must exchange 
2 5 x 1 0 ~  k g s l  between t h e  A n t a r c t i c  S u r f a c e  Water  and t h e  bo t tom 
w a t e r .  The l a t t e r  a d v e c t s  t h e  s a l t  n o r t h w a r d s  (Gordon  and  
T a y l o r ,  1975 a ) .  
Gordon ( 1 9 8 1 )  r e l a t e s  t h e  upward h e a t  f l u x  t h r o u g h  CDW upwe l l i ng  
t o  t h e  m e l t i n g  r a t e  o f  t h e  A n t a r c t i c  p a c k  i c e  i n  s p r i n g  a n d  
summer. Be tween  mid-November and mid-January t h e  A n t a r c t i c  pack 
i c e  a r e a  r e d u c e s  from 17.5xl0^km2 t o  6.5xl0^km2. T h i s  r e q u i r e s  a  
h e a t  f l u x  o f  64 ~ m - ~  f o r  a  mean i c e  t h i c k n e s s  o f  1 .25  m ( H e a t i n g  
o f  t h e  s u r f a c e  w a t e r  a n d  i c e b e r g  m e l t i n g  a r e  n e g l e c t e d ) .  The  
o c e a n  g a i n s  h e a t  o f  34  w m w 2  t h r o u g h  s e a  s u r f a c e  h e a t i n g  a n d  
a b o u t  30  w m 2  mus t  b e  s u p p l i e d  b y  v e r t i c a l  t r a n s p o r t s .  I f  a n  
u p w e l l i n g  v e l o c i t y  of  1x10 ' "~  cms-^ (Gordon e t  a l . ,  1977 a )  and  a  
t e m p e r a t u r e  differente of  3OC between CDW a n d  AASW a r e  a s s u m e d ,  
t h e  h e a t  f l u x  amounts t o  13  w m 2 .  Consequent ly  17  w m 2  a r e  s t i l l  
l e f t  f o r  s m a l l  s c a l e  p r o c e s s e s  such  as c o n v e c t i o n  a n d  t u r b u l e n t  
d i f f u s i o n .  
To c o m p e n s a t e  f o r  t h e  mean annua l  h e a t  l o s s  o f  abou t  30 wrn""^ o f  
t h e  S o u t h e r n  Ocean  a  po l eward  h e a t  t r a n s p o r t  o f  a b o u t  6 0 x 1 0 ~ ~ ~  
a c r o s s  60 ' s  i s  r e q u i r e d  (Gordon, 1981;  H a s t e n r a t h ,  1 9 8 0 ,  1 9 8 2 ) .  
T h i s  v a l u e  i s  h a l f  a s  l a r g e  a s  t h e  a tmosphe r i c  poleward  h e a t  f l o w  
a c r o s s  60 's  ( T r e n b e r t h ,  1 9 7 9 ) .  A p p a r e n t l y  t h e  m a j o r  p o r t i o n  o f  
t h e  h e a t  i s  t r a n s p o r t e d  s o u t h w a r d s  by a  s m a l l  number o f  ocean  
e d d i e s  w i t h  t i m e  s c a l e s  o f  5  t o  6 0  d a y s  (Sciremammano,  1 9 8 0 ;  
DeSzoeke and Lev ine ,  1981.). 
4 .2 .3  Convect ion  On t h e  s h e l f  
I n  f r o n t  o f  t h e  F i l c h n e r - R o n n e  I c e  S h e l f ,  c o l d  k a t a b a t i c  winds  
f r e q u e n t l y  push t h e  s e a  i c e  o f f - s h o r e  and g e n e r a t e  l e a d s .  Sea  i c e  
f o r m a t i o n  and  t h u s  a l s o  an i n c r e a s e  of  s a l t  i n  t h e  w a t e r  column, 
i s  h e r e  i n t e n s i f i e d  (Mather  and M i l l e r ,  1 9 6 7 ;  G i l l ,  1 9 7 3 ) .  The  
mean n o r t h w a r d  d r i f t  o f  t h e  s e a  i c e  i n  t h e  s o u t h w e s t e r n  Weddell  
S e a  l i e s  a t  2600 md-l.  T h i s  c o a s t a l  e f f e c t  l e a d s  t o  an  i n c r e a s e  
o f  s e a  i c e  p r o d u c t i o n  i n  t h e  e n t i r e  s h e l f  a r e a  f r o m  1 . 6  m 
( F o s t e r ,  1972  b) t o  2 . 1  m f o r  6 mon ths  d u r i n g  w i n t e r .  The i c e  
growth h a s  i t s  maximum o f  a b o u t  1 m p e r  month i n  a  30  km w i d e  
Zone a l o n g  t h e  i c e  f r o n t  and  d e c r e a s e s  s e a w a r d s .  S i n c e  a b o u t  
0 . 4  m o f  i c e  m e l t s  d u r i n g  6  months  o f  t h e  summer s e a s o n ,  a n  
a n n u a l  i c e  g r o w t h  r a t e  o f  1 . 7  m must be  assumed i n  t h e  s o u t h e r n  
s h e l f  a r e a  o f  t h e  W e d d e l l  S e a  ( G i l l ,  1 9 7 3 ) .  A c k l e y  ( 1 9 7 9 )  
s p e c u l a t e s  t h a t  t h i s  r a t e  m i g h t  b e  e v e n  3 . 7  ma-^- b e c a u s e  
f r e e z i n g  o c c u r s  a l s o  i n  summer and  r i d g i n g  e f f e c t s  a r e  n o t  
i n c l u d e d  i n  t h e  a b o v e  e s t i m a t e s .  F o s t e r  a n d  Carmack ( 1 9 7 6  a )  
compute a  nor thward  s e a  i c e  t r a n s p o r t  a c r o s s  t h e  s h e l f  b r e a k  o f  
1 . 5 ~ 1 0 ~  m 3 s " l ,  w h i c h  c o r r e s p o n d s  t o  a n  i c e  g r o w t h  r a t e  o f  
0 . 9 5  ma-I ( t h e  s h e l f  o c c u p i e s  an  a r e a  of  5 x l 0 ~ k m ~ ) .  T h i s  v a l u e  
wou ld  mean a  s a l t  r e l e a s e  o f  a b o u t  4x105 kgs" l .  Due t o  t h e  g r e a t  
widt'h of  t h e  s o u t h e r n  W e d d e l l  S e a  s h e l f ,  t h e  s a l i n i t y  o f  t h e  
s h e l f  w a t e r  i s  o n e  o f  t h e  h i g h e s t  e n c o u n t e r e d  on t h e  A n t a r c t i c  
s h e l v e s .  
The k a t a b a t i c  c o a s t a l  winds c a u s e  an upwe l l i ng  o f  I c e  S h e l f  Water 
which may become s u p e r c o o l e d  On i t s  way upwards and i c e  c r y s t a l s  
may f o r m  (Dieckmann  e t  a l . ,  i n  p r e s s ) .  The l a t t e r  a r e  buoyan t ,  
ascend  t o  t h e  s u r f a c e  l a y e r  and may t h u s  c o n t r i b u t e  t o  t h e  growth 
o f  p a c k  i c e .  The r e j e c t e d  b r i n e  mixes w i t h  t h e  s u r r o u n d i n g  w a t e r  
and descends  t o  g r e a t e r  d e p t h s .  The i n t e n s i t y  of  t h e s e  p r o c e s s e s  
d e p e n d s  on  t h e  p r o d u c t i o n  r a t e  o f  ISW a n d  t h e  w i n d  f o r c i n g  
( F o l d v i k  and Kvinge,  1974 b, 1974 C ) .  S i n c e  i c e b e r g s  a c t  a s  h e a t  
s i n k s  o f  t h e  s u r f a c e  w a t e r  a n d  s o u r c e s  o f  s u p e r c o o l e d  w a t e r  on 
t h e i r  upwe l l i ng  s i d e ,  t h e y  may g e n e r a t e  s i m i l a r  phenomena a s  t h e  
i c e  s h e l f  edge b u t  i n  o f f s h o r e  r e g i o n s .  
The shelf water circulation on the basis of the above-mentioned 
processes is simulated with the aid of a baroclinic two layer 
model by Killworth (1974). In his model the shelf has a flat 
bottom, and the Filchner Depression and the continental slope are 
not specified. The density is a function of salinity only. The 
salt input at the sea surface decreases northwards and does not 
vary zonally. The mean salt input corresponds to an ice growth of 
2 m per 6 months with a maximum of 8 m per 6 months at the ice 
front of the Filchner-Ronne Ice Shelf. Wind forcinq on the shelf 
water is neqlected. The inital stratification is chosen by a 
density difference of 0.25 (TT -units between the two layers, 
which approximates the summer conditions of the shelf water. 
The salt injection at the sea surface causes a southward density 
gradient and thereby an eastward geostrophic current in the upper 
layer. The lower layer velocity compensates for the mass trans- 
port of the upper one. Downwellinq at the eastern and upwellinq 
at the Western boundary result in southward qeostrophic currents 
at both boundaries in the upper layer. This cycle of positive 
coupling is damped by the horizontal turbulent diffusion of salt. 
Convective overturninq Starts at the southern boundary after 2.5 
months in the model. Durinq summer the salt input at the sea 
surface is turned of f. 
Figure 59: 
Conditions at the end of the 
first Summer. 
a Density distribution of 
a the upper layer (differente 
of isopycnals: 0.05^0.025) 
b) density distribution of 
the lower layer 
C) velocity field of the 
upper layer. 
The horizontal hatched area 
indicates the downwelling 
reqion, the vertical hatched 
area the upwelling reqion 
(Killworth, 1974). 
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F i g u r e  59 shows t h e  r e s u l t s  of  t h e  model a t  t h e  end o f  t h e  f i r s t  
summer.  The u p p e r  l a y e r  e x h i b i t s  a  l a r g e  m e r i d i o n a l  d e n s i t y  
g r a d i e n t .  The zona l  d e n s i t y  differente a c r o s s  t h e  t o t a l  r e g i o n  
a m o u n t s  t o  0 .15  ff rn-units i n  agreement  w i th  o b s e r v a t i o n s .  I n  t h e  
lower  l a y e r  b o t h  t h e  d e n s i t y  maximum and t h e  u p w e l l i n g  c e n t r e  
m i g r a t e  n o r t h w a r d s  a l o n g  t h e  w e s t e r n  b o u n d a r y .  I n  t h i s  r e g i o n  
d e n s e  s h e l f  w a t e r  l e a v e s  t h e  s h e l f  a t  a  r a t e  o f  0 . 2 0  t o  0 . 3 3  
X 1 0 ^  m 3 s 1 ,  wh ich  i s  a b o u t  h a l f  a s  much a s  e s t i m a t e d  by  G i l l  
( 1 9 7 3 ) .  During w i n t e r ,  t h e  model  o u t f l o w  i n c r e a s e s  s l i g h t l y  i n  
a g r e e m e n t  w i t h  t h e  o b s e r v a t i o n s  o f  Fo ldv ik  and Kvinge (1974 a )  . 
A t  t h e  end  o f  t h e  s e c o n d  summer, a  s e c o n d a r y  d e n s i t y  maximum 
a p p e a r s  i n  t h e  s o u t h w e s t e r n  C o r n e r  o f  t h e  s h e l f  and t h e  mer i -  
d i o n a l  d e n s i t y  g r a d i e n t  i n c r e a s e s  i n  c o n t r a s t  w i t h  t h e i r  o b s e r -  
v a t i o n s .  O b v i o u s l y  l o n g  t e r m  I n t e g r a t i o n  r e q u i r e s  a  c l o s e r  
a d a p t a t i o n  o f  t h e  model t o  t h e  a c t u a l  s i t u a t i o n .  
4 .2 .4  Convect ion  i n  t h e  Open ocean  
Deep c o n v e c t i o n  i n  t h e  c e n t r a l  W e d d e l l  S e a  i s  f a v o u r e d  b y  a  
r e l a t i v e l y  weak p y c n o c l i n e .  T h i s  c o u l d  b e  a c h i e v e d  b y  t h e  
c y c l o n i c  c i r c u l a t i o n  o f  t h e  W e d d e l l  Gyre  and  some f r e s h w a t e r  
i n p u t  i n t o  t h e  A n t a r c t i c  S u r f a c e  Wate r .  O b s e r v a t i o n s  of  Gordon 
( 1 9 7 8 ,  1 9 8 2 )  s u g g e s t  f u r t h e r  more t h a t  c o n d i t i o n s  f o r  d e e p  
c o n v e c t i o n  may a l s o  e x i s t  i n  m e s o s c a l e  c y c l o n i c  e d d i e s  and i n  
p o l y n y a s .  
I n  e d d i e s  a  r a p i d  c o o l i n g  o f  a  r e l a t i v e l y  s h a l l o w  mixed l a y e r  can  
i n i t i a t e  o v e r t u r n i n g  which f i n a l l y  e x t e n d s  down t o  n e a r l y  2000 m 
d e p t h ,  a s  o b s e r v e d  by Gordon ( 1 9 7 8 ) .  I n  t h e  c e n t r e  o f  c o n v e c t i o n  
e l e m e n t s  v e r t i c a l  v e l o c i t i e s  o f  10 c m s l  a r e  p o s s i b l e  (Gasca rd ,  
1 9 7 3 ) .  Volume and  c h a r a c t e r i s t i c s  o f  t h e  d e e p  w a t e r  f o r m e d  by  
s u c h  p r o c e s s e s  d e p e n d  o n  d u r a t i o n  and i n t e n s i t y  o f  t h e  s u r f a c e  
c o o l i n g  (Lacombe, 1 9 7 4 ) .  
Chimney c o n v e c t i o n  h a s  been  s t u d i e d  by K i l l w o r t h  (1979)  w i t h  t h e  
a i d  of  a  one-d imens ional  m o d e l .  The  i n i t i a l  s t a t e  o f  t h e  w a t e r  
co lumn  i s  g i v e n  b y  t h e  t e m p e r a t u r e  and  s a l i n i t y  d i s t r i b u t i o n  
o b s e r v e d  b y  Gordon ( 1 9 7 8 )  . The  s e a  s u r f a c e  i s  a s sumed  t o  b e  
i c e - f r e e  a t  t h e  b e g i n n i n g .  F i g u r e  60  shows t h e  r e s u l t s  o f  t h e  
q u a s i - s t a t i c  model  f o r  S t a t i o n  1 1 5  o f  Gordon ( 1 9 8 1 ) .  The 
c o n t i n u o u s  l i n e  r e f e r s  t o  c a s e  A :  h e a t  t r a n s f e r  b e t w e e n  t h e  
mixed l a y e r  and  t h e  i c e  c o v e r  a s s u m e s  i t s  maximum. The d o t t e d  
l i n e  r e f e r s  t o  c a s e  B :  no  h e a t  f l u x  from t h e  mixed l a y e r  t o  t h e  
s e a  i c e .  The e n t i r e  h e a t  l o s s  o f  t h e  w a t e r  column i s  c o m p e n s a t e d  
b y  s e a  i c e  f o r m a t i o n .  The  r e a l  b e h a v i o u r  l i e s  b e t w e e n  t h e s e  
ex t r emes .  
The  o c e a n  h e a t  l o s s  Qo c a n  b e  r e l a t e d  t o  t h e  t i m e  a x i s :  Qo=O, 
e q u a l s  e a r l y  a u t u m n -  Q o = 2 . 7 x l o 4  c h a r a c t e r i z e s  t h e  b e g i n n i n g  of  
w i n t e r ;  Qo = 7 . 8 ~ 1 0 ~  m a r k s  t h e  b e g i n n i n g  of  s p r i n g .  I n  c a s e  A ,  
t h e  mixed  l a y e r  r e a c h e s  t h e  f r e e z i n g  p o i n t  d u r i n g  t h e  f i r s t  
w i n t e r  month .  Due t o  t h e  c o n t i n u o u s  growth of  t h e  mixed l a y e r  by 
c o n v e c t i o n ,  i t s  h e a t  c o n t e n t  i n c r e a s e s  and  t h e  i c e  c o v e r  m e l t s  
Figure 60: Results of t h e  quas i - s t a t i c  model f o r  CTD 115.  a )  I c e  
t h i c k n e s s  ( h r ) ,  b) depth  of t h e  mixed l a y e r  ( h ) ,  
C )  temperature of t h e  mixed l aye r  ( T ~ ) ,  d )  s a l i n i t y  of 
t h e  mixed layer  (Sm) as  a  funct ion of t h e  hea t  l o s s  a t  
t h e  sea and i c e  sur faces  ( Q o )  (Kil lworth,  1979).  
away a f t e r  24 days .  From t h e n  on a  s t r e n g  s u r f a c e  c o o l i n g  c a u s e s  
a n  i n t e n s i v e  v e r t i c a l  m i x i n q  down t o  rnore t h a n  3000 m d e p t h .  
S t a t i o n s  o u t s i d e  t h e  e d d y  e x p e r i e n c e  e n h a n c e d  rnixing 3  t o  4  
m o n t h s  l a t e r  a s  i n  c a s e  A w i t h  a  mixed l a y e r  growth t o  d e p t h s  o f  
180 t o  290 m. The o v e r t u r n i n g  S t a r t s  where t h e  i n f l u e n c e  of  W a r m  
Deep Water i s  s t r o n g e s t .  
Deep c o n v e c t i o n  d e v e l o p s  o n l y  w i t h i n  e d d i e s  when c y c l o n i c  
c i r c u l a t i o n  d i m i n i s h e s  t h e  s t a t i c  s t a b i l i t y  of  t h e  upper  300 m i n  
t h e  e d d y  c e n t r e  by a  p o s i t i v e  d e n s i t y  anomaly of  0 . 1  6 'T -un i t s .  
T h i s  p r e c o n d i t i o n i n g  seems  t o  b e  n e c e s s a r y  t o  e n a b l e  s u r f a c e  
c o o l i n g  and  s a l t  r e j e c t i o n  i n  w i n t e r  t o  q e n e r a t e  t h e  o b s e r v e d  
chimney e f f e c t  . 
Maintenance  of  t h e  Weddell Polynya  h a s  been examined w i t h  t h e  a i d  
o f  a  one-d imens ional  c o n v e c t i o n  model by Mar t in son  e t  a l .  ( 1 9 8 1 ) .  
The  a u t h o r s  a l s o  q i v e  a  r o u g h  e s t i m a t e  o f  t h e  p r o d u c t i o n  o f  
W e d d e l l  S e a  Deep Water  i n  t h e  Open w a t e r  a r e a .  A c c o r d i n g  t o  
t e m p e r a t u r e  p r o f i l e s  o b t a i n e d  d u r i n g  w i n t e r  i n  t h e  Weddell S e a  
F i g u r e  61: P o t e n t i a l  t e m p e r a t u r e  and s a l i n i t y  p r o f i l e s  b a s e d  o n  
d a t a  o b t a i n e d  d u r i n q  t h e  DEUTSCHLAND-drift from March 
t o  December 1912 by Brennecke ( 1 9 2 1 ) .  Numbers i n d i c a t e  
t h e  p r o f i l e s  ( F e s t e r ,  1972 b ) .  
( F i g .  6 1 )  t h e  model  c o n s i s t s  o f  t w o  i d e a l l y  mixed l a y e r s .  T h e  
t w o - l a y e r  a p p r o x i m a t i o n  a s s u m e s  o n e  of f o u r  p o s s i b l e  s t a t e s ,  
s k e t c h e d  i n  F i g u r e  6 2 .  S t a t e s  2  and  4 show t h e  s t r a t i f i e d  
s i t u a t i o n  w i t h  J ' l < y 2 ,  w h i l e  s t a t e s  1 a n d  3 i n d i c a t e  a  f u l l y  
rnixed w a t e r  column. 
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Figure 62: Schematic representation of the Â£ou states used to 
describe the Situation within the Weddell Polynya. 
Â : freshwater input 
KT, Ks:exchange coefficients for heat and salt 
parameterizing upwelling, turbulent 
exchange and double diffusion 
KT(T2-Tl): heat exchange between the two levels 
Ks(S2-SI): salt exchanqe between the two levels 
Tl, S1:temperature and salinity of the upper 
level (W) 
Tz, S2:temperature and salinity 05 the lower 
level (WDW): T2 > Tl 
h : depth of the upper level = 200 m 
H : total depth = 4000 m 
(after Martinson et al., 1981) 
A realistic diagram oÂ sequences oÂ states is displayed On 
Figure 63. The polynya Starts at point P, i.e. the ice is melted 
I t .  
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S A L I N I T Y  
Figure 63: Schematic representation of a time dependent T/S- 
diagram showing a one-year cycle in the upper level oÂ 
the polynya water column. Indices are explained in the 
text (Martinson et als, 1981). 
and t h e  w a t e r  column assumes s t a t e  2 .  S u r f a c e  c o o l i n  a n d  t h e  
c o n t i n u o u s  f r e s h - w a t e r  i n p u t  o f  0 .  78my-1 ( 0 . 2 1  cmd-?) c a u s e  a  
s t r o n g  t e m p e r a t u r e  d rop  and a  s l i g h t  s a l i n i t y  d e c r e a s e  t o  p o i n t  W 
when Summer r a d i a t i v e  warming s t a r t s  u n t i l  i n  autumn c o o l i n g  
l e a d s  a g a i n  t o  a  d e n s i t y  i n c r e a s e  of  t h e  u p p e r  l a y e r .  F i n a l l y ,  
t h e  f r e e z i n g  p o i n t  o f  s e a w a t e r  i s  r eached  ( p o i n t  F ) .  During t h e  
ice growing phase  t h e  s a l i n i t y  o f  t h e  upper  l e v e l  i n c r e a s e s  t o :  
L :  t h e r m a l  expans ion  c o e f f i c i e n t ,  c o n s t .  = 5 . 8 2 ~ 1 0 - 5  OC-1 P :  h a l i n e  expans ion  c o e f f i c i e n t ,  c o n s t .  = 0.8  
Beyond t h i s  v a l u e  o v e r t u r n i n g  o c c u r s  i f ,  a t  t h e  beg inn ing  o f  s e a  
i c e  g r o w t h  ( p o i n t  F ) ,  SI  i s  n o t  l e s s  t h a n  a  c e r t a i n  c r i t i c a l  
v a l u e  S c r i t ,  a s  shown i n  F i g u r e  64. T h i s  q u a n t i t y  d e c r e a s e s  w i t h  
i n c r e a s i n g  d u r a t i o n  of i c e  p r o d u c t i o n  t i m e .  
F i g u r e  64: S c r i t  a s  a  f u n c t i o n  o f  t i m e  r ema in ing  i n  t h e  c o o l i n g  
s e a s o n  a f t e r  i c e  o n s e t  ( t R )  i n  d a y s  ( a f t e r  Mar t in son  
e t  a l . ,  1981 ) . 
Assuming  SI> S c r i t r  t h e  System o v e r t u r n s  a t  p o i n t  OT and r e a c h e s  
s t a t e  3 .  The h e a t  i n p u t  t o  t h e  u p p e r  l a y e r  by  upward  m i x i n g  o f  
warmer  and  more s a l i n e  w a t e r  c a u s e s  i c e  m e l t i n g  and t h u s  a  new 
f o r m a t i o n  o f  t h e  s t r a t i f i c a t i o n  a s s i g n e d  t o  s t a t e  4 .  M e l t i n g  
c o n t i n u e s  u n t i l  t h e  s t a r t i n g  p o i n t  P i s  r e a c h e d  a g a i n .  The 
proposed  c y c l e  of  s t a t e s  i s  o n l y  p o s s i b l e  under  c e r t a i n  assump-  
t i o n s  o f  f r e s h  w a t e r  s u p p l y ,  a  s u f f i c i e n t  f r e e z i n g  p e r i o d  and 
s p e c i a l  v e r t i c a l  t e m p e r a t u r e  and s a l i n i t y  d i s t r i b u t i o n s .  
S A L I N I T Y  
F i g u r e  6 5 :  A s  F i g u r e  6 3  Â £ o  Â £ > f c r i  o v e r  s e v e r a l  y e a r s  up t o  
s t a b l e  c y c l i n g  (Mar t in son  e t  a l . ,  1981)  . 
F o r  t h e  f r e s h w a t e r  i n p u t  t h e r e  e x i s t s  a c r i t i c a l  v a l u e  
f F r i t  = 0.77my- l .  I n  c a s e  f > f c r i t ,  t h e  c y c l e  r e p r e s e n t e d  i n  
Fxgure  6 3  m o d i f i e s  t o  t h e  o n e  r e p r o d u c e d  i n  E ' i gu re  6 5 .  H e r e  a 
p o l y n y a  Opens u p  d u r i n q  two s e a s o n s  o n l y  s i n c e  t h e  i c e  growing 
p e r i o d  is  a l s o  growing b e c a u s e  of  t h e  d e c r e a s i n g  s a l i n i t y  o f  t h e  
uppe r  l e v e l  i n  t i m e .  
S A L I N I T Y  
F i g ~ u r e  6 6 :  A s  F i g u r e  6 3  f o r  Â £ < f c r i  o v e r  s e v e r a l  y e a r s  up t o  
s t a b l e  c y c l i n g  (Mar t in son  e t  a l . ,  1 9 8 1 ) .  
F o r  f  < f c r i t  t h e  c y c l e  o f  F i g u r e  66  i s  l i k e l y .  The permanent  
i n c r e a s e  o f  S i  r e d u c e s  t h e  r e q u i r e d  p e r i o d  o f  w i n t e r  c o o l i n g .  
E v e n t u a l l y  o v e r t u r n i n g  r e s u l t s  j u s t  f r o m  c o o l i n g  w i t h o u t  a n  
a d d i t i o n a l  s a l t  i n p u t  t h rough  i c e  growth.  Then t h e  mixing  s t a t e  1 
i s  v a l i d  and t h e  polynya  e x i s t s  permanent ly .  
The  l o w e r  l i m i t  o f  W e d d e l l  S e a  Deep W a t e r  p r o d u c t i o n  i n  t h e  
Weddell Polynya i s  e s t i m a t e d  by Mar t inson  e t  a l .  (1981 ) t o  b e  l x  
1 o 6 m 3 s - I .  T h i s  w a t e r  mass h a s  a  d e n s i t y  of  62 ~ 3 7 . 2 2 - 3 7 . 2 3  and i s  
O . l Â °  c o o l e r  and  0 . 0 1 ~ 1 0 - 3  l e s s  s a l t y  t h a n  t h e  su r round ing  d e e p  
w a t e r  . 
Gordon a s s u m i n g  t h a t  t h e  e n t i r e  Warm Deep W a t e r  
( 1. 5 x 1 0 1 L s ? 2  k i t h  t e m p e r a t u r e s  @ < OÂ° obse rved  i n  t h e  po lynya  
a r e a  1 9 7 7  was  fo rmed  by  s u r f a c e  c o o l i n g  d u r i n g  t h r e e  p o l y n y a  
y e a r s ,  d e r i v e s  a  maximum p r o d u c t i o n  o f  3 1 . 7 ~ 1 0 ~ m ~ s - ~  d u r i n g  a  
6  month w i n t e r  s e a s o n .  S i n c e  Winter  Water  c o n t r i b u t e s  1 0  - 2 0  % 
t o  WDW t h e  minimum WSDW p r o d u c t i o n  a m o u n t s  t o  3 .2  t o  6 . 4  X 
l o 6 m 3 s - I  f o r  t h e  Same t i m e  i n t e r v a l .  
4 . 3  Mixing p r o c e s s e s  
4 .3 .1  Mixing On t h e  c o n t i n e n t a l  s l o p e  
Bot tom w a t e r  p r o d u c t i o n  On t h e  c o n t i n e n t a l  s l o p e  i n  t h e  
s o u t h w e s t e r n  W e d d e l l  S e a  p r o c e e d s  i n  t h r e e  s t e p s  wh ich  a r e  
s c h e r n a t i c a l l y  p o r t r a y e d  i n  ~ i ~ u r e  67. 
F i g u r e  67 :  M i x i n g  scheme  f o r  t h e  b o t t o m  w a t e r  p r o d u c t i o n  i n  t h e  
s o u t h w e s t e r n  Weddell Sea  ( F o s t e r  and Carmack, 1976 a ) .  
R t  f i r s t  W i n t e r  W a t e r  ( T = - 1 . 9 ' ~  and ~ = 3 4 . 5 0 ~ 1 0 - ~ )  and  Warm Deep 
Wate r  (0 .5OC,  3 4 . 6 8 x 1 0 - ~ )  c o m b i n e  t o  f o r m  M o d i f i e d  W a r m  Deep 
Wate r  ( - 0 . 7  'C, 3 4 . 5 9 ~ 1 0 - ~ ) .  Then  MWDW mixes  w i t h  Western S h e l f  
w a t e r  (1  . g O c t  3 4 . 7 0 ~ 1 0 - 3 )  t o  f o r m  W e d d e l l  S e a  Bo t tom W a t e r  
( - 1 . 3 ' ~ ~  3 4 , 6 4 5 ~ 1 0 - ~ ) .  F i n a l l y ,  WSBW d e s c e n d i n g  down t h e  c o n t i -  
n e n t a l  s l o p e  a n d  f o l l o w i n g  t h e  i s o b a t h s  o f  t h e  W e s t e r n  a n d  
n o r t h e r n  W e d d e l l  S e a  m i x e s  w i t h  WDW t o  become A n t a r c t i c  Bottom 
Wate r  ( -0 .4 'C ,  3 4 . 6 6 3 x 1 0 - ~ ) .  D e t a i l s  o f  t h e  mixing  p r o c e s s e s  a r e  
s t i l l  u n c e r t a i n  and w i l l  n o t  b e  d i s c u s s e d  h e r e .  
On the average AABW is composed of 1/8 W, 218 WSW and 5/8 WDW, 
as can be concluded from oxygen distribution (Foster and 
Carmack, 1976 a). Production and characteristics of the AABW 
depend On the production of WSW and its mixing with WDW. 
The descent of dense shelf water and the mixing with surrounding 
waters are studied with the aid of entraining plume models by 
Killworth (1977). The plume is driven by the density differente 
between the plume and its environment. Laboratory experiments 
reveal a proportionality between the plume velocity and the 
entrainment (Turner, 19731, The models yield realistic results 
only if the dependence of the thermal expansion coefficient On 
pressure is taken into account. No such details are important for 
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Figure 68: Vertical sections of potential temperature (a) and 
salinity (b) off Wilkes Land. Between stations 66 and 
70 the sections run at a right angle against the shelf 
break, between stations 70 and 18 nearly parallel 
(Carmack and Killworth, 1978). 
The plume model and observa t iona l  d a t a  agree  s u f f i c i e n t l y  w i t h  
each o t h e r  o f f  Wilkes  Land (150'-160Â°W (Carmack and Ki l lworth  
1978) .  Temperature and s a l i n i t y  s e c t i o n s  e x h i b i t  a r e l a t i v e l y  
cold ,  l e s s  s a l i n e  water  l e n s  a t  2150 m depth  wi th  a  mean width of 
100 km and a  mean h e i g h t  o f  200 m, e x t e n d i n g  800 km a l o n g  t h e  
c o n t i n e n t a l  s l o p e  p a r a l l e l  t o  t h e  s h e l f  break (F igure  6 8 ) .  I ts  
high oxygen and low n i t r a t e  con ten t s  s u g g e s t  a  f o r m a t i o n  r e g i o n  
n e a r  t h e  s e a  s u r f a c e .  The s i n k i n g  of dense s h e l f  water down t h e  
c o n t i n e n t a l  s lope  i s  a l s o  i n d i c a t e d  by t h e  V-shaped f r o n t a l  Zone, 
which e x t e n d s  from t h e  s h e l f  break t o  1800 m depth .  The s i n k i n g  
o c c u r e d  a l o n g  g0=27.86 down t o  1000 m d e p t h  and f o l l o w e d  
62=37.20-37.24 f a r t h e r  downwards. The C o r i o l i s  f o r c e  h a s  
d e f l e c t e d  t h e  s i n k i n g  plume wes twards .  A t  t h e  e q u i l i b r i u m  
p o s i t i o n  a t  a b o u t  2000 m d e p t h ,  t h e  plume w a t e r  s p r e a d s  o u t  
l a t e r a l l y .  The temperature  and s a l i n i t y  va lues  of t h e  l e n s  r e s u l t  
from t h e  mixing of s h e l f  w a t e r  (@=-1.9OC, S = 3 4 . 6 4 ~ 1 0 - ~ )  and 
Circumpolar Deep Water (Q=0.8OCr S=34.69xl0-3) a t  r a t i o  of 1:1.4.  
Figure 69: Resu l t s  of t h e  plume model f o r  s i n k i n g  of d e n s e  s h e l f  
w a t e r  down t h e  c o n t i n e n t a l  s l o p e  o f f  Wilkes Land. The 
X-axis i s  d i r e c t e d  wes twards  p a r a l l e l  t o  t h e  s h e l f  
b r e a k ,  t h e  Z-axis  v e r t i c a l l y  downwards. A :  c r o s s -  
s e c t i o n  a r e a  o f  t h e  plume,  V: p l u m e - v e l o c i t y ,  F :  
buoyancy f o r c e  (Carmack and Ki l lwor th ,  1978) .  
The  main q u a n t i t i e s  o f  t h e  p lume model  a r e  d i s p l a y e d  i n  
F i g u r e  6 9 .  V a r i a t i o n s  o f  t h e  i n i t i a l  v a l u e s  o f  A and V h a r d l y  
i n f l u e n c e  t h e  r e s u l t s .  More e f f e c t i v e  a r e  t h e  mean v e r t i c a l  
a m b i e n t  t e m p e r a t u r e  and  s a l i n i t y  g r a d i e n t s ,  t h e  d e n s i t y  and  
t e m p e r a t u r e  d i f f e r e n c e s  b e t w e e n  s h e l f  w a t e r  and  CDW, a n d  t h e  
i n c l i n a t i o n  o f  t h e  c o n t i n e n t a l  s l o p e  ( T a b l e  1 0 ) .  R e l a t i v e  c o l d  
and dense  plume w a t e r ,  a  weak s t r a t i f i c a t i o n  o f  t h e  CDW a n d  a  
s t e e p  c o n t i n e n t a l  s l o p e  f a v o u r  v e r t i c a l  mixing.  Seasona l  d e n s i t y  
changes  o f  t h e  s h e l f  w a t e r  and t e m p e r a t u r e  v a r i a t i o n s  o f  t h e  CDW 
c a n  c a u s e  f l u c t u a t i o n s  o f  t h e  p lume  descend ing  dep th  w i t h  t h e  
r e s u l t  t h a t  l e n s e s  of  plume w a t e r  sp read  l a t e r a l l y  a l o n g  v a r i o u s  
d e n s i t y  s u r f a c e s .  
Parameter Nax. depth of  plume 
T a b l e  10:  I n f l u e n c e  o f  s e v e r a l  p a r a m e t e r s  On t h e  s i n k i n g  d e p t h  o f  
t h e  plume. 
GI = g 1 p R ' ~ p 0  : i n i t i a l  b u o y a n c y  f o r c e  ( b p 0  : d e n s i t y  d i f f e r e n c e  between s h e l f  w a t e r  a n d  CDW, 
g :  g r a v i t a t i o n a l  a c c e l e r a t i o n ,  p R  : r e f e r e n c e  d e n s i t y )  
: t e m p e r a t u r e  d i f f e r e n c e  between s h e l f  w a t e r  and CDW 
$: i n c l i n a t i o n  of  t h e  c o n t i n e n t a l  s l o p e  
dTp/dz and dSe/dz : mean v e r t i c a l  e n v i r o n m e n t a l  t e m p e r a -  
k u r e  and  s a l i n i t y  g r a d i e n t s  (Carmack a n d  K i l l w o r t h ,  
1 9 7 8 ) .  
The observations of Foster and Middleton (1979, 1980) suggest 
that such a mechanism governs the spreading of WSBW along the 
continental slope of the southwestern Weddell Sea. IÂ the mean 
vertical ambient temperature gradient is sufficiently weak 
( G  ( 3 - 4 ) x l 0 - ~ ~ ~ m - ~ ) ,  the plume can sink down to the deep sea 
bottom. In contrast! stratification caused by the CDW does not 
allow plume water to sink down to the deep sea bottom (Carmack 
and Killwortht 1978). 
4.3.2 Mixing in the Open ocean 
Deep water formation in the central and eastern Weddell Sea 
requires that cold, low saline WW mixes with warmer! more saline 
W D W .  Surface cooling, salt rejection and the stability of the 
undisturbed water column determine the intensity of the mixing 
process. From ternperature and salinity Variations oÂ the WDW 
Gordon (1982) estimates the mixing ratio of \W and WDW to be 1:4 
to 1:9. Generally, the volume of surface water, which is included 
in the deep water production of the eastern Weddell Sea, is 
larger than its contribution to bottom water production at the 
continental slope. Enhanced deep water formation during the 
appearance of the Weddell Polynya has possibly reduced the 
contribution of WW to the bottom water production. 
4.3.3 Double diffusive convection 
The decrease of stability and salinity near the bottom towards 
the shelf break sugqest that double diffusion controls mixing 
between Western Shelf Water and Modified Warm Deep Water predomi- 
nantly at the shelf break in the southwestern Weddell 
and Carmack, 1976 a). 
Sea (Foster 
Fiqure 70: Sketch of the laboratory experiment by Gill and Turner 
(1969). 
According t o  l a b o r a t o r y  s t u d i e s  of  G i l l  and Turner  (19691, d o u b l e  
d i f f u s i v e  c o n v e c t i o n f  c a u s e d  when c o l d ,  l e s s  s a l i n e  WW l i e s  
above warmerl more s a l i n e  W D W l  may i n t e n s i f y  t h e  b o t t o m  w a t e r  
p r o d u c t i o n  a t  t h e  c o n t i n e n t a l  s l o p e  ( F i g u r e  7 0 ) .  Under s u c h  
c o n d i t i o n s ,  c o n v e c t i o n  d e v e l o p s  i n  b o t h  l a y e r s .  Due t o  t h e  
s l o p i n g  d e p t h ,  t h e  d e n s i t y  i n c r e a s e s  q u i c k e r  a t  p o i n t  H t h a n  a t  
L .  'I'he d e n s e  w a t e r  formed a t  H s i n k s  down t h e  s l o p e  and accumu- 
l a t e s  On t h e  b o t t o m .  S a l t  r e j e c t i o n  a t  p o i n t  G f o r c e s  downward 
mot ions  i n  t h e  upper  l a y e r ,  which j o i n  t h e  low l e v e l  c i r c u l a t i o n  
a t  H .  A t  t h e  boundary between t h e  s l o p e  c u r r e n t  and t h e  su r roun-  
d i n g  w a t e r s l  s a l t  f i n g e r s  rnay form. 
G e n e r a l l y ,  t h e  d o u b l e  d i f f u s i o n  p r o c e s s  a c r o s s  t h e  i n t e r f a c e  of  
WW and WDW c a u s e s  s t e p - l i k e  v e r t i c a l  t e m p e r a t u r e  and  s a l i n i t y  
p r o f i l e s .  These  jumps i n t e n s i f y  t owards  t h e  c e n t r e  of  t h e  Weddell 
Gyre, where t h e  WDW a s c e n d s  c l o s e r  t o  t h e  s e a  s u r f a c e  ( F i g u r e  
7 1  1 .  O b v i o u s l y f  t h e  t h i c k n e s s  of  homogeneous l a y e r s  depends On 
t h e  s t r e n g t h  o f  t h e  mean v e r t i c a l  t e m p e r a t u r e  and  s a l i n i t y  
g r a d i e n t s .  ÃŸetwee 100 m and 530 m d e p t h ,  t h e  s t a t i c  s t a b i l i t y  o f  
t h e  w a t e r  co lumn i s  r a t h e r  weak ( t h e  i 3 r u n t - V Ã ¤ i s Ã ¤  f r e q u e n c y  
amounts t o  5 . 6 ~ 1 0 - ~ s - l ) .  
F i g u r e  71: Smoothed v e r t i c a l  p r o f i l e s  o f  t e m p e r a t u r e  and s a l i n i t y  
a t  6 8 ' 5 0 ' s  l8O2OiW ( F o s t e r  and  Carmack, 1976 b ) ,  
The step structure of the vertical temperature and salinity 
profiles is maintained by the upward heat flux between WDW and 
WW. Tank experiments by Turner (1968) confirm the development of 
step structures under similar conditions. Formulae of the heat 
and salt flux between the small-scale layers are given by Huppert 
(1971) and Huppert and Turner (1972). It is not actually clearl 
to which extent double diffusion contributes to the deep and 
bottom water formation in the Weddell Sea. 
Cabbeling-instability was first described by Witte (1902). Two 
neighbouring water masses of similar density! but with different 
temperatures and salinities may mix at their interface and form a 
water mass which is more dense than each of the original ones. 
The higher density is a consequence of volume contraction due to 
the non-linearity of the equation of state- From T/S-diagrams, 
the conclusion can be drawn that cabbeling-instability occurs 
when the mixing line between two water masses forms a tangent of 
an isopycnal. 
From a comparison of the vertical density distribution around 
Antarctica, Gordon (1971 b) shows that cabbeling-instability 
between WW and WDW is most probable in the central Weddell Sea 
and in the northwestern Ross Sea. Fofonoff (1956) already pointed 
out that cabbeling-instability may be involved in the formation 
of AABW. Gill (1973) indicates that mixing of WW (C)=-l.,g0C1 
S > 34.465~10-~) and WDW (0=0.4Â°C S=34.68~10-3) enables the 
mixture to sink below the WDW. Foster and Carmack (1976 b) and 
Middleton and Foster (1980) conclude from observations that the 
cabbeling-instability is possibly active in summer in the central 
Weddell Sea between 100 m and 530 m depth. This mechanism may 
also become active in winter when the salinity of the WW exceeds 
34.495~10-~ at 100 m or 34.478~10-~ at 300 m depth (Foster and 
Carmack! 1976 b). 
In a two-dimensional two layer model with upper layer quantities 
T = -1.g0C, S = 34.568~10-~ and lower layer values 
T = 0.6'C, S = 34.700~10-3 
Foster (1972a) deduced, for a mixing ratio of 1:11 a maximum 
vertical velocity of 1.6 cms-I and a density increase in the 
lower layer. For an upper layer salinity of 34.520~10-~ the 
maximum vertical velocity reduces to 0.5 cms-I and for salinities 
< 34.51xl0-~, no cabbeling-instability exists. The formation of a 
85 Cm thick ice layer would cause the Weddell Sea surface water 
to exceed the latter value. 
It has, however, not been proven that cabbeling-instability 
between WW and WDW or shelf water and WDW does, in fact! contri- 
bute to the deep water and bottom water formations in the Weddell 
Sea. 
4.6 Spread inq  o f  A n t a r c t i c  Bottom Water  from t h e  Weddell Sea  
I n  t h e  s o u t h e r n  hemisphere ,  t h e  d i s t r i b u t i o n  of A n t a r c t i c  Bo t tom 
Wate r  p r o d u c e d  i n  t h e  Weddell  Sea  c a n  b e  t r a c e d  by t h e  O0C-iso- 
t h e r m  a s  w e l l  a s  by t h e  3 4 . 6 8 ~ 1 0 ^ - i s o h a l i n e .  Schlemmer (1978)  
s u b d i v i d e s  t h e  AABW i n t o  t h r e e  l a y e r s  w i t h  p o t e n t i a l  d e n s i t i e s  
r e l a t i v e  t o  40  MPa o f  c 4 = 4 6 . 0 8 ;  46.15 and 46.21.  He d e t e r m i n e s  
t h e  s p r e a d i n g  of  AABW from t h e  h o r i z o n t a l  d i s t r i b u t i o n  o f  t h e s e  
i s o p y c n a l s .  A c c o r d i n g  t o  t h e  UNESCO-Equation o f  S t a t e  f o r  Sea 
W a t e r  ( 1 9 8 0 1 ,  a  p o t e n t i a l  d e n s i t y  o f  5 4 = 4 6 . 1 1  ( r e l a t i v  t o  
40 MPa) r e s u l t s  i n  a  p o t e n t i a l  t e m p e r a t u r e  of  OÂ° and a  s a l i n i t y  
o f  3 4 . 6 8 ~ 1 0 - ~ .  AABW, p roduced  i n  t h e  Weddell Sea ,  i s  e v i d e n t  i n  
t h e  01s-diagrams of  t h e  A t l a n t i c  Ocean t o  a b o u t  40Â° ( T c h e r n i a ,  
1980)  and o f  t h e  I n d i a n  Ocean t o  a b o u t  20Â° ( K o l l a  e t  a l . ,  1 9 7 6 ) .  
F i g u r e  72: D i s t r i b u t i o n  of  s i l l  d e p t h s  a l o n g  t h e  r i d g e s  bounded  
t h e  Weddell Bas in  ( d o t e d  l i n e  i n  F i g u r e  7 5 ) .  Accord ing  
t o  Gene ra l  B a t h y r n e t r i c  C h a r t  o f  t h e  Oceans  (GEBCO), 
1 9 8 1 .  S e r i e s  e s t a b l i s h e d  by H.S.H. P r i n c e  A l b e r t  I of  
Monaco i n  1903.  
The Weddel l  Bas in  i s  bounded by r i d g e s  which have ,  a t  some 
l o c a t i o n s ,  s i l l  d e p t h s  g r e a t e r  t h a n  3000 m e t r e s  ( F i g u r e  7 2 )  
enab l inq  t h e  miqrat ion of AABW t o  t h e  n o r t h .  One pathway t o  t h e  
S c o t i a  Sea e x i s t s  a t  a b o u t  40Â° ( I V  i n  F i g u r e  7 4 ) ,  where  t h e  
South S c o t i a  Ridge has  passaqes  wi th  s i l l  depths  of 3000 t o  3200 
m e t r e s .  According t o  t h e  i s o t h e r m s  i n  t h e  bo t tom l a y e r  
( F i g u r e  7 3 ) ,  an o u t f l o w  i n t o  t h e  P a c i f i c  Ocean seems t o  b e  
u n l i k e l y .  H i t h e r t o  no bottom water  with Q'sOÂ° and ~ ~ 3 4 . 6 8 ~ 1 0 - 3  
c o u l d  be  observed  i n  t h e  n o r t h e r n  P a r t  o f  t h e  S c o t i a  S e a ,  
p o s s i b l y  due t o  vigorous mixinq wi th  t h e  wa te r  masses of t h e  ACC. 
F iqure  73: P o t e n t i a l  t e m p e r a t u r e  ( ' C )  a t  d e p t h s  g r e a t e r  t h a n  
3000 m i n  Drake Passage.  Dark shading i n d i c a t e s  depth  
0-3000 m ;  l i g h t  s h a d i n g  3000-4000 m ;  w h i t e  a r e a s  
4000 m (Reid and Nowlin, 1971) .  
The m e a s u r e m e n t s  e a s t  o f  S o u t h  G e o r g i a  ( I1  i n  F i g u r e  7 4 )  a r e  
i n s u f f i c i e n t  t o  d e d u c e  a n  e a s t e r l y  f l o w  o f  t h e  AABW o u t  o f  t h e  
S c o t i a  Sea (Gordon, 1 9 6 6 ) .  Georgi  (1981)  a r g u e s  t h a t  bo t tom w a t e r  
f r o m  t h e  S o u t h  Sandwich  T r e n c h  may a d v a n c e  w e s t w a r d  i n t o  t h e  
S c o t i a  S e a .  A l t h o u g h  t h e  S o u t h  S c o t i a  R i d g e  h a s  a  s i l l  d e p t h  
g r e a t e r  t h a n  3000 m a t  a b o u t  33'W ( 1 1 1 ,  F i g u r e  7 4 ) ,  it h a s  no t  
y e t  been e s t a b l i s h e d  t h a t  AABW e n t e r s  t h e  S c o t i a  S e a  t h r o u g h  
t h i s  Pas sage  ( P a t t e r s o n  and S i e v e r s ,  1 9 8 0 ) .  
F i g u r e  74: Schema t i c  r e p r e s e n t a t i o n  of  t h e  r i d g e  s y s t e m  ( b r o k e n  
l i n e )  bounding t h e  S c o t i a  Sea ,  and t h e  d i s t r i b u t i o n  o f  
S i l l  d e p t h s  a l o n g  t h e s e  l i n e  (Gordon, 1 9 7 9 ) .  
S o u t h  o f  t h e  Sou th  Sandwich Trench ,  t h e  f l ow  o f  t h e  bot tom w a t e r  
d i v e r g e s .  The  ma in  p o r t i o n  moves t o  t h e  e a s t  w h i l e  t h e  r e s t  
r e a c h e s  t h e  t r e n c h  i n  a  weak no r thward  f l o w  (Gordon,  1 9 6 6 ) .  ÃŸelo 
5000 m t h e  whole  t r e n c h  a r e a  i s  occup ied  by w a t e r  w i t h  p o t e n t i a l  
t e m p e r a t u r e s  9 < -0.75OC a n d  s a l i n i t i e s  S  < 3 4  . 6 5 x 1 0 3 ,  w h i c h  
c l a s s i f y  W e d d e l l  S e a  Bo t tom W a t e r  ( C a r m a c k ,  1 9 7 7 ;  F o s t e r  and  
Middle ton ,  1 9 7 9 ) .  
WSBW can ne i ther  leave t h e  t rench nor advance f u r t h e r  n o r t h .  On 
t h e  b a s i s  of a  p o t e n t i a l  t empera tu re  s e c t i o n  across  t h e  South 
Sandwich Trench Georgi (1981)  assumes t h a t  a  c y c l o n i c  deep  
c i r c u l a t i o n  e x i s t s .  AABW, l imi ted  by the  OÂ°C-isotherm flows i n  
t he  upper layer  t o  the  eas t  over t he  ea s t e rn  flank of t he  t r ench .  
A t  t h e  no r the rn  end it en te r s  t h e  Georgia Basin and poss ib ly  t h e  
Scot ia  Sea. 
The Falkland Fracture Zone, which forms t h e  northern boundary of 
t h e  Georgia Basin, has a  s i l l  depth of l e s s  than 5000 m s o  t h a t  
only AABW with @>-0.5OC can reach t h e  Argentine Basin. 
The cyclonic  deep c i r cu l a t ion  of t he  Argent ine  Basin t r a n s p o r t s  
t h e  1000 m t h i c k  bottom l a y e r  w i th  t h e  Fa lk land  (Malv inas )  
Current along the  Falkland P l a t e a u  westwards.  The motion t u r n s  
t h e n  northwards forced  by t h e  Argen t ine  c o n t i n e n t a l  s l o p e  
(Georgi, 1981).  A t  about 40's t he  cur ren t  detaches from t h e  s lope  
due t o  t h e  inf luence of t he  southward flowing Brazi l  Current,  and 
migrates northward t o  t he  Rio Grande Rise.  F u r t h e r  e x t e n s i o n  t o  
t h e  n o r t h  i s  blocked, as  can be concluded from the  d i s t r i b u t i o n  
of t h e  OÂ°C-isother (Figure 75) .  However Hogg e t  a l .  (1982) have 
demonstrated t h a t  a  small por t ion  of AABW en te r s  the  Brazi l  Basin 
through t h e  Vema Channel. Gordon (1978) assumes t h a t  t h i s  bo t tom 
water  i s  formed by deep convection i n  t he  oceanic domain of t h e  
Weddell Basin. 
No evidence has been provided t h a t  AABW spreads northward through 
t h e  more than  4000 m deep Hunter Channel (28OW 3 5 ' s ) .  The 
Mid-Ocean Ridge forces  t h e  flow t o  t u r n  cyclonical ly  back toward 
t h e  A C C .  Consequently AABW w i t h  p o t e n t i a l  t empera tu re s  OÂ° 
remains i n  t h e  Arqentine Basin i n  depths of more than 4000 m. 
WSBW which flows t o  t he  e a s t  south of t h e  South Sandwich Trench 
i s  observed only  i n  t h e  c e n t r a l  and western pa r t  of t h e  Weddell 
Basin (Schlemmer, 1978) .  The remaininq bottom water  of t h e  
Weddell Sea may flow i n t o  t h e  e a s t e r n  b a s i n s  of t h e  South 
At l an t i c  and the  southwestern basins  of t h e  Indian Ocean th rough  
severa l  passaqes i n  t he  Mid-Ocean Ridge ( s e e  Fig. 7 5 ) .  The bottom 
water of t h e  Agulhas Basin with p o t e n t i a l  t empera tu re s  < - 0 . 1  'C 
o r i q i n a t e s  from a  t r a n s p o r t  of AABW through the  Conrad, Bouvet, 
Shaka o r  Mandela Fracture Zone west of 20Â°E AABW moves a l s o  i n t o  
t h e  Crozet Basin, mainly through t h e  western pa r t  of t h e  Crozet- 
Kerguelen Passage a t  about 50's (Jacobs and Georqi, 1977).  
Within t h e  c y c l o n i c  deep c i r c u l a t i o n  of t h e  Weddell Basin, AABW 
flows f i r s t  southward along t h e  Kerguelen Plateau and t h e n  t u r n s  
westward toward t h e  Weddell Sea. A t  about 60Â° it over r ides  t h e  
bottom water which has newly formed a t  t h e  Enderby ~ a n d - / ~ r y d z  
Bay Coast ( J a c o b s  and Georgi,  1977).  I t  has  not been determined 
whether o r  not t h e  eastward spreading of AABW i s  blocked by t h e  
Kerguelen Plateau.  Gordon (1974) assumes t h a t  bottom water of t h e  
South Indian Basin cons i s t s  of a  mixture of bottom water o r ig ina -  
t i n g  from t h e  ROSS Sea and from t h e  ~ d g l i e  Coast. Kolla e t  a l .  
(1979) demonstrate with t h e  a i d  of 8-day c u r r e n t  measurements,  
t h a t  a  weak eastward flow e x i s t s  between t h e  southern t i p  of t h e  
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